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SUM^’iARY 


Further  measurements  cf  turbulence  in  the  working  section  are  given 
Yrith  2 and  3 screens  in  the  bulge. 

The  extended  region  of  high  intensity  turbulence  near  the  walls  of 
the  working  section,  which  was  observed  with  9 screens  in  the  bulge, 
disappeared  when  the  n«nber  of  screens  was  reduced  from  9 to  2 or  3.  The 
longitudinal  component  of  turbulence  is  approximately  independent  of  the 
number  of  screens;  the  lateral  component  does  not  change,  if  the  nximber 
of  screens  is  reduced  from  9 to  3,  but  increases  by  a factor  2,5  to  3,  if 
the  nimbor  of  screens  is  further  reduced  from  3 to  2, 

In  order  to  explain  the  origin  of  the  turbulence  in  the  working 
section,  further  turbulence  measurements  have  been  made  at  the  end  of 
the  second  diffViser,  before  the  rapid  expansion  and  in  the  bulge. 

The  intensities  of  turbulence  are  about  12^5  of  mean  speed  at  the  end 
of  the  second  diffuser  and  drop  to  about  4-6j^  before  the  rapid  expaiaion. 

However,  this  turbulence  seems  to  bo  reduced  by  the  screens  in  the 
rapid  expansion  and  in  the  b\ilgo  below  the  level  of  diaturbanoes  set  up  by 
inhomog«ioities  of  the  last  screen.  Those  disturbances  are  the  origin  of 
the  lateral  ocn^wnents  of  turbulence  in  the  working  section. 

The  extended  region  of  high  intensity  turbulence  near  the  walls  of 
the  worldng  section  is  conneoted  with  the  existence  of  a retuin  flow  in 
the  btilge,  but  several  possible  explanations  exist  as  to  how  this  produces 
the  region  of  hi^  intensity  turbulence  in  the  working  section. 
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*.  "*  Introduotlon 

1 2 

In  two  previous  reports  * turbulenoe  measurements  in  this  tunnel 
have  been  desoribecl;  the  results  of  the  first  report  are  partly  obsolete, 

* since  the  equipment  then  available  did  not  reoord  very  low  fTequenoies, 
which  contribute  materially  to  the  totad  intensity  of  tiubulenoe.  The 
second  report^  deals  with  measurements  of  turbulenoe  and  sound  in  the 
working  section,  vrtvLoh  ware  made  aifter  the  necessaiy  improveanents  in- 
equipment  had  bean  effected;  but  no  explanation  wais  given  of  the  origin 
of  turbulence,  or  of  certain  other  feattires,  among  them  a big  region  of 
high  intensity  turbulenoe  near  the  v/alls  of  the  working  section.  Since 
this  tunnel  was  mainly  built  in  order  to  gadn  experience  in  low  turbulence 
wind  tunnels,  it  appeared  desirable  to  continue  the  investigations,  in 
order  to  pro^de  data  for  the  design  of  new  tunnels  or  the  ingirovement  of 
existing  tunnels.  For  this  purpose  further  moaisuremoiits  were  made  in  the 
working  section;  the  Influence  of  the  number  of  screens  in  the  bulge  on 
the  turbulence  in  the  vjorldng  section  wets  studied,  and  the  intensity  and 
scale  of  tvobulenca  wais  measured  at  the  end  of  the  second  diffuser  end  at 
various  places  downstream  and  in  the  bulge. 

In  the  course  of  those  investigations  a number  of  Interesting  problems 
of  fluid  motion  were  encountered.  As  far  as  time  permitted  and  faolUtles 
axistad,  these  problems  have  been  clarified.  One  of  the  difficulties 
encountered  was,  for  instance,  the  size  of  the  bulge  and  the  screens,  which 
made  detailed  flow  investigations  in  the  bulge  difficult;  changing  screens 
of  22  ft  X 22  ft  size  was  a major  operation,  involving  also  risks  of 
damaging  the  screens  and  it  had  to  be  rustrioted  to  a number  of  essential 
oases.  Althou^  not  every  detail  could  bo  explained,  most  of  the  charao- 

j teristio  features  and  the  origin  of  the  tiurbulenoe  in  this  tunnel  could  be 

clarified. 

* 2 Measurements  in  the  working  section 
2.1  Nine  screens  in  the  bulge 

2,11  Exploration  of  the  region  of  high  intensity  turbulenoe  near 
the  walls  of  the  working  seotion 

Intensity  and  frequency  speotra  of  all  three  components  have  already 
been  measured,  and  the  results  are  given  in  ref. 3.  A big  region  of  high 
intensity  tur^lenoe  near  the  walls  of  the  working  section  was  also 
mentioned  in  ref, 3;  this  will  now  be  investigated  in  more  detail.  The 
Intensity  of  turbulence  measured  on  a vertical  traverse  from  the  centre 
line  across  the  lower  port  of  the  working  seotion  is  shown  in  Rig.1.  The 
traverse  was  made  at  the  'standard*  position,  about  6 ft  downstream  of  the 
beginning  of  the  working  seotion,  which  in  turn  is  defined  by  a line  G-G 
in  the  seotlonal  plan  of  &e  tunnel  in  ref.1.  The  thlolmeas  of  the 
boundary  layer  on  the  floor  of  the  working  section  was  about  1 and  2 ins 
at  tunnel  speeds  of  60  ft/seo  and  100  to  180  ft/seo  respectively.  The  low 
level  of  turbulence  of  0.01^  to  0,02SI^  intensity,  as  exists  in  the  middle 
of  the  working  section  extends  only  8 ins  fren  the  oentre  line;  over  the 

* remaining  10  ins  the '^tensity  varies  frem  to  1^,  agreeing  with 

previous  measurements*,  where  the  low  Intensity  oore  was  only  20  ins  x 

18  ins  out  of  a total  area  of  US  ins  x 38  Ins.  In  order  to  find  the  origin 
of  this  region  of  -hl^  intensity  turbulenoe , similar  traverses  were  made 
further  iq;>stream.  At  the  beginning  of  the  working  seotion,  this  region  Is 
only  subtly  smaller  t^um  at  the  'standard*  position  (Fig.2)  , except  for 
the  lowest  qpeod  of  80  ft/seo.  The  boundary  layer  thickness  at  the  floor 
was  0.3  ins  for  80  ft/seo  and  0.8  ins  for  100  to  180  ft/see.  Althoitgh 
these  measurements  suggest  that  the  boundary  layer  thloloiess  at  the  b^ixir 
ning  of  the  working  section  is  only  about  V3  of  the  thlokness  at  the 
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standard  position,  the  extent  of  the  region  of  high  intensity  turtmlenoe 
at  speeds  greater  than  100  ft/seo  is  nuch  the  same  for  both  traverses, 
implying  that  the  boundary  layer  alone  cannot  be  responsible  for  the 
insreeised  intensity  near  the  wall.  There  is  a maximim  in  intensity  of  tur- 
bulence outside  the  boundary'  layer  in  Fig. 2 and  this  feature  is  more 
apparent  in  Fig. 3a,  »^iioh  was  obtained  by  a traverse*  in  the  contraction 
of  t^ie  tunnel.  It  is  also  difficult  to  see  how  turbulence,  spreading  from 
a turbulent  boundary  layer,  could  have  a maximum  outside  the  boundary  layer. 
A discussion  about  the  origin  of  the  high  intensity  turbulence  near  the 
walls  is  given  in  section  7. 

2,12  Boundary  layer  transition  point  fluctuations  on  the  tunnsl 
walls 


The  tunnel  contraction  has  a high  area  ratio  and  a short  length,  so 
that  the  boundary  layers  on  its  walls  ore  subjected  to  a powerful  favour- 
able pressure  gradient;  they  consequently  remain  laminar  as  far  as  the 
beginning  of  the  working  section,  transition  occurring  some  distance  down- 
stream. Experiments  made  by  Hall4  and  Schubauer^3  have  shown  that  the 
transition  on  a smooth  flat  plate  fluctuates  to  a considerable  extent.  Such 
fluctuations  on  the  walls  of  a wind  tunnel  working  section  would  lead  to 
fluctuations  of  the  displacement  thickness  of  the  ttarbulent  boundary  layer, 
and  a corresponding  fliicttiation  in  the  effective  cross-sectional  area  of 
the  tunnel,  -^ich  could  contribute  to  the  longitudinal  component  of  the 
turbulence. 

It  is  interesting  to  calculate  roughly,  \diether  this  kind  of  fluctua- 
tion could  be  of  the  same  order  as  the  measured  turbulence.  Denote  the 
length  of  turbulent  boundary  layer  by  x,  its  displacement  thickness  by  6^ 
and  the  cross  sectional  area  and  circumference  of  the  working  section  by  A 
and  C respectively.  The  bormdaiy  layer  thickness  is  assumed  to  be  propojv 
tional  to  its  length,  v.hioh  is  a sufficiently  accurate  approximation  for 
the  present  purpose.  Then 

-lx 

^1  " * * 

The  fluctuations  of  transition  point  are  not  likely  to  occur  on  the  nhole 
oiroumferenoe  simultaneously,  but  rather  in  patches,  whose  average  size  may 

be  i of  the  -iiolc  oiroumferenoe.  The  change  of  effective  cross-section 
due  to  fluctuations  of  one  patch  is 

AA  = 2 = ^ 6.  2 . 

Assuming  the  volume  of  oir  flowing  thzxiugh  the  tunnel  to  be  constant** , the 
corresponding  fluctuation  in,  longitudinal  velocity  la  given  by 


• The  path  followed  on  this  traverse  is  given  in  Fig,3b,  A traverse  can  be 
defined  by  a line,  which  is  everywhere  nonnal  to  the  local  streamlines.  Since 
the  flow  in  the  central  part  of  the  contraction  approximates  to  the  flow  in  a 
cone,  produced  by  a point  source  at  the  apex  of  the  cone,  tne  surfaces  nomal 
to  the  streamlines  will  be  approximatoly  spherloal  with  their  centre  at  the 
point  C in  Fig.  3b.  For  practical  reasons  the  traverse  was  made  along  two 
straight  lines,  suitably  joined,  one  nozmal  to  the  walls,  the  other  ixjzual  to 
the  centre  line.' 

*•  With  flTXstuations  of  speed,  fluctuations  of  the  energy  losses  in  the  worte* 
ing  section  also  occur,  and  oonsequently  the  volume  of  air  flowing  throu^ 
the  tunnel  is,  stzdbtly  speaking,  not  constant.  Howover,  since  the  losses  in 
the  working  seotlon  are  about  of  the  total*  and  oonsldoring  seme  rou£^ 

data  on  the  fan  oharaoteristios , the  ohanges  in  volume  of  flow  oan  for  the 
present  purpose  be  neglected. 
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£u  AA 
u ^ A 


Ax  - C 
Ax  ^ m 


Asstnnirg  the  velocity  fluctuations  to  be  sinusoidal  with  time,  it  is  more 
convenient  to  introduce  r.m.s.  values  of  u by  the  relation; 


u 


I 


Now  the  symbol  A applied  to  aiy  quantity  means  the  maximum  amplitude  of 
that  quantity.  The  fluctuations  of  the  individual  patches  are  assumed  to 
be  independent  of  each  other;  then  the  resulting  velocity  fluctuation  is 
obtained  by  sunming  the  squares  of  the  individual  contributions. 

lil  - JL  ^ ^ 

u /2  X A/m  * 


m = 4 may  bo  taken  as  a rough  approximation,  because  the  cross-section  is 
rectangular  with  sides  not  differing  much  from  each  other.  With  C = 14  ft, 
A = 12  ft2,  X = 5 ft,  Ax  = 0.5  ft,  = 0,2  ins,  equation  (1)  yields 

h1  = 0,07/i. 
u 

This  is  about  the  right  order  of  magnitude,  and  proves  that  the  fluctua- 
tions of  transition  point  contribute  to  the  longitudinal  oemponent  of  t\u> 
bulenoe.  Better  niimcrical  agreement  with  measurements  could  be  obtained, 
if  more  details  of  the  fluctuations  of  transition  point  were  known,  and 
some  of  the  assumptions  of  the  preceding  analysis  were  refined. 

An  experimental  proof  of  this  tiiooiy  is  easily  made  by  fixing  a transi- 
tion wire  on  the  tunnel  -.vail.  This  v/as  done  and  the  position  of  the  wire  is 
shewn  in  Fig  .4b. 

In  Pig.4a  the  turbulence  intensities  are  given  as  a function  of  wind 
speed,  '.vith  and  v/ithout  a transition  wire.  It  is  particularly  interesting 
to  observe  how  the  large  peak  at  110  ft/sec  disappears,  irtren  the  transition 
wire  is  introduced. 

For  comparison,  the  particle  velocity  of  rmiso  measured  with  a hot  wire 
microphone  in  the  middle  of  the  tunnel  is  also  plotted  in  Fig,4a  (see  also 
Fig. 11  of  ref,3).  '!7ith  the  transition  wire  on  the  tunnel  walls,  the  longi- 
tudinal component  is  mainly  duo  to  noise. 

All  the  measur^ent 3,  mentioned  so  far,  vrere  made  at  the  standard  posi- 
tion of  the  working  section  (marked  (1)  in  Fig.4b).  The  hot  wire  was  also 
moved  to  the  beginning  of  the  working  section  (marked  (2)  in  Flg.4b). 
Compared  with  the  results  obtained  in  the  stondord  position,  it  will  be 
seen  that  the  peak  intensity  occurs  at  a higher  vdndspeed  and  with  greatly 
reduced  magnitude.  The  distribution  of  tuibulenco  aloi^  the  tunnel  axis  is 
shown  in  Fig. 5. 

Corresponding  observations  of  the  flow  patteni  by  an  oil  film  technique 
were  made  on  the  floor  of  the  tunnel  and  they  will  be  described  in  detail  in 
section  2,21,  According  to  these  observations  the  centre  of  the  fluctuating 
traraition  r^ion  is  about  2,5  ft  and  1,5  ft  downstream  of  the  beginning  of 
the  working  section  at  speeds  of  60  ft/soo  and  100  ft/seo  respectively.  The 
extent  of  the  region  is  1 ft  and  2 ft  for  the  two  speeds.  Since  the  influ- 
ence of  fluctuations  of  transition  point  will  roach  the  centre  line  only 
seme  distance  downstreoa  of  whoro  the  fluctuations  occur,  the  turbulence 
at  the  boginnii^  of  the  working  section  will  consist  almost  wholly  of  sound. 
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Further  downstream,  an  ijxiriaso  to  the  level  in  the  working  section  will  • 

take  place.  For  speeds  of  140  ft/seo  and  180  ft/sec,  where  practically 
the  vhole  of  the  bovmdary  layer  is  turbulent,  the  intensity  r«nains 
approximately  constant  along  the  ttinnol  axis.  * 

2.2  Trfo  soreena  in  the  bulge- 

It  v/as  thou^t  that  the  high  number  of  screens  in  the  bulge  might 
have  been  responsible  for  the  region  of  high  intensity  turbulence  in  the 
vrorking  section. 

In  order  to  test  this  sxiggestion,  7 screens  were  removed  from  the 
bulge,  so  that  only  the  first  and  the  last  screen  remained.  The  effect 
of  this  cliango  is  described  below, 

2.21  Intensity  and  frequency  spectra  of  the  loiutitudinal  com- 
ponents of  turbulence  on  the  centre  line 

The  intensity  of  the  longitudinal  component  of  turbulence,  without  a 
transition  '.vire  on  the  tunnel  v/all  (Pig.6) , remains  almost  the  same,  if 
compared  with  the  corresponding  curve  in  Fig,4a;  the  main  difference  is 
a shift  of  the  characteristic  peak  from  110  ft/soc  to  160  ft/soc.  This 
peak  can  again  be  eliminated  by  fixing  a transition  wire  on  the  tunnel 
wall.  At  200  ft/soc  a Jump  in  the  intensity  of  turbulence  occurred,  which 
is  indicated  by  an  isolated  point.  It  appeared,  vdien  the  speed  of 
200  ft/seo  v;as  appi-oachod  from  Icwcr  speeds,  but  not  if  it  v.’as  approached 
from  higher  speeds.  Measurements  at  tho  beginning  of  the  working  section 
sho"ir  a slight  shift  of  tho  peak  to  higher  speeds,  but  above  160  ft/sec  the 
intensity  is  higher  than  at  tho  standard  position.  There  is  howOTer  a 
tendency  for  all  three  curves  to  become  equal  at  tho  highest  speed.  It  is 
not  clear  the  intensity  at  the  beginning  of  tho  working  section  should 
bo  appreciably  higher  at  high  speeds  than  that  at  the  standard  position 
both  '.vith  and  without  a transition  wire. 

An  oil  film  technique  7;as  used  for  investigating  fluctuations  of 
transition  point . A thin  la^-cr  of  a mixture  of  oil  with  a white  paint 
was  applied  to  the  floor  of  the  working  section.  Air  moving  past  this 
layer  set  up  snail  waves,  ■sihose  v.'ave  length  depended  on  the  state  of  tho 
boundary  layer.  If  it  was  turbulent,  the  wave  length  was  much  shorter 
than  in  tho  laminar  state.  So  regions  cf  laminar  and  turbulent  flew  could 
be  distinguished,  and  even  fluctuations  of  transition  point  oould  be  seen, 
since  their  frequency  was  rather  low.  The  results  of  the  observations  are 
^own  in  Pig,7.  Checks  were  made  to  ensure  that  the  oil  film  itself  did 
not  materiallj'  disturb  the  boundary  layer.  There  is  a spread  of  turbulence 
fl*cm  the  comers  of  the  working  section,  ■ihioh  is  clearly  visible  at  speeds 
of  60  and  80  ft/sec,  T'ith  increasing  speed  the  region,  within  which  the 
transition  point  fluctuates,  bocomos  larger  in  size  and  at  the  same  time 
moves  upstream  until  the  contraction  is  reached.  Here  the  boundary  Ijyer 
is  stabilised  by  a strong  favourable  pressure  gradient  and  consequently  a 
fVirther  increase  in  speed  reduces  the  extent  of  the  fluctuations,  until 
thqy  finally  disappear  at  sufficiently  high  speeds.  The  contribution  to 
tho  longitudinal  component  of  turbulence  depends  on  the  extent  of  these 
fluctuations  and  tho  curve  of  intensity  vs,  speed  in  Hg.6  shows  corres- 
ponding features.  Tho  maximum  in  intensity  at  160  ft/seo  (Pig,6)  agrees 
well  Tsdth  the  observed  maximum  of  tho  extent  of  the  fluctuations  of  transi- 
tion point  at  160  to  180  ft/soc.  I'lnally  tho  conolusion  about  the  origin 
of  the  longitudinal  oomponeart  of  turbulence  is  similar  as  in  section  2,12. 
Without  a transition  wlm,  there  is  a stmis  contribution  due  to  fluctua- 
tions of  tho  transition  point  below  200  tt/ado  with  a oharacteidstio  peak 
at  160  ft/seo.  With  a transition  wire  on  the  tunnel  walls,  the  longitudinal 
eexaponent  of  turbulence  is  mainly  due  to  noise. 
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Froquenoy  spectra  are  given  in  Figs,  9,  10,  11  and  12  and  in  each  of 
these  figUTi-s,  the  longitudinal  oomponont  is  shown  by  the  top  picture; 
these  pictures  are  similar  in  shape  to  those  with  all  9 soroens  in  the 
bulge  (see  Figs.  4,  5>  6 and  7 of  ref, 3),  There  are  also  peaks  at  the  fan 
fundamental  frequency  and  its  second  harmonics, 

2.22  Intensity  and  froouenev  spectra  of  the  lateral  occponents 

The  intensity  of  the  lateral  components  was  increeised  considerably  by 
removing  the  seven  middle  screens  in  the  bulge  (Pig, 8)  and  it  is  now  about 
2i  to  3 times  as  much  as  it  was  prwiously  v/ith  all  9 screens  in  the  bulge, 
A peculiar  feature  shown  in  Fig. 8 is  the  jumps  in  intensity,  which  ooc\ir 
at  certain  speeds,  most  of  them  at  180  ft/sec,  but  some  were  also  observed 
at  200  ft/sec  (not  shovm  in  Fig, 8).  There  is  a hysteresis  effect,  so  that 
intensities  measured  with  increasing  wind  speed  are  hi^er  than  those  Td.th 
decreasing  wind  speed.  In  Fig. 8 the  direction  of  wind  speed  is  indicated 
by  arrows.  Although  this  effect  v/as  observed  with  both  oenponents,  a ocn- 
plete  run  with  increasing  and  decreasing  wind  speed  v/as  made  with  the 
horizontal  oemponent  only.  There  were  also  some  changes  in  intensity,  if 
measurements  were  made  on  different  days  (see  Fig. 8) , but  the  order  of 
magnitude  of  the  intensities  remained  the  some.  Various  checks  on  the 
measuring  equipment  ruled  out  any  faults  there,  so  that  these  changes 
seemed  gaKoinc. 

Frequency  analyses  of  +'  e lateral  components  (Figs.  9,  10,  11  and  12) 
revealed  no  striking  change_  in  comparison  v/ith  measurements  made  with 
all  9 screens  in  the  btilge. 

2.23  Traverse  across  the  working  section  of  the  longitudinal  end 
lateral  ccmpor.cnts 

The  distribution  of  tui’bulence  across  the  working  section  is  con~ 
siderably  improved  by  r-sneving  the  7 middle  screens  in  the  bulge, 
vertical  traverse  of  longitudinal  component  (Fig. 13)  revealed  that  the 
width  of  the  region  of  hi^  intensity  turbulence  near  each  wall  was 
reduced  from  about  10  ins  to  4 ins;  the  latler  figure  is  considered  due 
to  the  spread  of  turbxilcnco  from  the  boundary  layer  on  the  -walls , vdiich 
was  2 ins  thick. 

Similar  conditions  v/erc  foxuid  v/ith  a horizontal  traverse  (Pig. 14). 

The  area  containing  a level  of  tvubulence  as  low  as  on  the  centre 
Uno  is  no-//  about  38  ins  x.  28  ins  out  of  a total  area  of  48  ins  x 36  ins. 

Vortical  traverses  of  the  vertical  turbulence  ooiaponftnt  showed  con- 
siderable variation  in  intensity  across  the  tunnel.  The  curves  in  Fig,  15 
simply  connect  the  measured  points,  but  there  may  oe  further  local  varia- 
tions in  intensity  than  are  shown  by  the  curves,  A wire  support,  suitable 
for  working  a continuous  traverse,  is  difficult  to  design,  since  the 
reqiuii^ents  for  its  rigidity  are  rather  severe  when  lateral  components 
are  measured.  Therefore  a much  simpler  method  was  en?>ljoyed:  a laaober  of 

holes  were  drilled  In  the  supporting  stmt  and  the  base  for  the  wire  holder 
was  fitted  into  these  holes.  Measurements  could  therefore  only  be  made  at 
a limited  nunber  of  points,  not  too  close  together.  The  rou^mess  in 
intensity  distribution  is  a oharaotoristio  of  the  lateral  tuitnilenoe 
ccTiponent. 

The  lateral  components  of  turbulence  spread  fhrther  fim  the  walls 
than  the  longitudinal  ocopononts.  Pig,13  shows  that  there  is  a particu- 
larly large  spread  of  ttixbulonoe  near  the  floor  at  a speed  of  60  ft/seo. 

At  this  ^eed  the  transition  point  fluctuations  on  the  walls  of  the  woiidng 
section  ocour  in  the  neighbouihood  of  the  measuring  station,  and  conse- 
quently the  turbulence  intensity  at  this  v/indspeed  increases  more-  as  the 
wall  is  approaohod  than  it  does  at  other  speeds. 
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2, 24  Corralatijon  measurementa 

The  correlation*  of  the  longitudinal  oomponent  across  the  irorking 
section  was  measured  with  two  wires  equidistant  from,  but  on  opposite 
sides  of,  the  ttuuiel  centre  line.  The  results  (Fig, 16)  are  rather  similar 
to  those  vdth  9 screens^  in  the  ^Ige  except  at  200  ft/seo,  -vrtaere  the 
correlation  drops  at  small  distances  to  values  lower  than  that  for  other 
speeds.  At  zero  distance  the  correlation  should  of  course  be  1,0  by 
definition.  Extrapolating  the  otirvos  in  Fig, 16  to  zero  yields,  however, 
this  value  only  for  the  anallest  speed  of  60  ft/sec.  There  is  evidence 
that  this  deficiency  may  be  duo  to  the  impact  on  the  wires  of  dust  par- 
ticles in  the  air.  This  explanation  is  supported  by  observations  made 
early  in  the  morning  vMch  resulted  in  turbulence  intensities  some  10^ 
lower  than  those  measured  later  in  the  dey,  when  the  tunnel  had  been  run 
for  some  hours.  The  apparent  Intensity  of  tuibulenoe  at  a speed  of 
60  ft/seo  v/as  considerdjly  inoreased,  if  the  tunnel  had  just  before  run 
at  top  speed;  however  if  the  ttmnel  were  stopped  for  a quarter  of  an  hour 
the  original  low  values  of  intensity  were  repeated.  The  explanation  is 
that,  at  high  speed , more  dust  is  stirred  up  in  the  tunnel  than  at  low 
speeds,  and  that  the  dust  suspended  in  the  air  takes  seme  time  to  settle 
down  after  stopping  the  tunnel.  Hor.vover  the  hi^  correlation  over  most  of 
the  working  scotion  suggests  that  the  error  involved  by  this  type  of  dust 
effect  is  not  very  largo,  probably  not  more  than  10-2C^  (see  Appendix  l). 

An  error  of  this  magnitude  is  hewever  tolerable. 

The  correlation  of  the  lateral  components  v/as  measured  by  using  two 
inclined  vdres  and  the  method  is  described  in  Appendix  II.  Since 
these  experiments  require  considerable  time,  only  the  correlation  of  the 
vertical  coaponent  along  a horizontal  line  in  the  middle  of  the  tunnel 
has  been  measured.  The  correlation  curve  In  Fig.17  does  not  fall  con- 
tinuously v/ith  increasing  distance,  but  decreases  in  a v/ave  form  with  a 
consider^ le  nanber  of  maxima  and  minima,  A oorrolation  of  lateral  com- 
ponents has  not  been  measured  previously,  but  this  peculiar  shape  of 
correlation  ftuiction  could  hardly  be  expected  with  tuibulenoe  behind  grids 
or  in  pipes.  Indeed  at  the  end  of  the  long  difftisor,  the  shape  of  the 
correlation  function  of  the  lateral  conponents  is  quite  similar  to  that  of 
the  longitudinal  cemponent  (Figs.  30  and  31).  Hcacc  the  correlation  of  both 
components  decreases  contimotisly  v/ith  increasing  distance  between  the  two 
wires. 


Villen  measuremonts  in  the  bulge  are  described  in  section  5»  explana- 
tion of  this  peculiar  type  of  correlation  function  will  be  given. 


2,25  Influence  of  vent  holes  on  the  turbulence  intensity  in  the 
worielng  seotlon 


It  has  already  been  mentioned  In  ref.2  that  vent  holes  in  the  working 
section  pro^de  a means  of  reducing  the  turbulence  due  to  sound.  It  is 
v/ell  Tancm.  that  sound  waves  in  a tube  are  reduced  in  intensity  by  holes  in 
the  tube,  which  provide  an  outlet  for  acoustio  energy.  There  are  two  grcwqis 
of  holes  in  the  wind  tunnel  (see  Fig.1  of  ref.1){  one  at  the  end  of  the 
working  section,  which  consists  of  8 holes,  each  with  an  area  of  9 ins  x 
U ins;  the  other  in  the  return  circuit  of  the  tunnel  between  the  third  and 
the  fourth  comer  with  20  holes,  each  6 ins  x 6 ins.  Heasurements  have 


vu  U9 

* The  correlation  of  longitudinal  oomponent  is  defined  by  K = -i- , 

«1  “2 

whore  vu  U2  is  the  average  produot  of  ii;  and  U£  taken  over  a suffi- 
ciently long  time,  with  and  vt^  the  r,m.s.  intensities  of  0| 

and  U2.  W and  U9  are  the  instantaneous  values  of  velocities  in  two 
places,  vhioh  are  a distame  y apart.  Consequently  K is  a f\inotion 
of  y, 
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been  made,  usually  vd.th  all  holes  at  both  places  open.  In  order  to  demon- 
strate the  efficiency  of  the  holes  in  reducing  the  intensity  of  sound  in 
the  wind  tunnel,  each  group  of  holes  was  closed  in  turn.  This  resulted  in 
an  increase  in  intensity  of  sound  (Pig. 18)  and  in  the  measured  'turbulence'. 
However  this  increase  is  only  appreciable  at  speeds  above  160  ft/sec,  when 
it  amounts  to  from  50/-  to  100,..  I'bviously  belo’’.'  160  ft/sec  the  'turbulence' 
due  to  fluctuations  of  transition  point  is  much  larger  than  that  due  to 
sound,  so  that  an  increase  in  the  intensity  oi'  the  latter  has  only  little 
effect  on  the  measured  turbulence. 

2.5  Throe  screens  in  the  bulge 

As  hais  been  shovm  in  section  2,2  the  distribution  of  turbulence  across 
the  v/orking  section  was  improved  by  reducing  the  number  of  screens  in  the 
bulge  from  9 to  2,  but  the  lateral  components  of  turbulence  wore  increased 
by  a factor  2 to  3.  It  seemed  therefore  likely  that  2 screens  in  the  bulge 
are  not  sufficient  and  consequently  one  more  scroon  v;as,  added;  the  second 
screen  was  chosen. 

2.31  Intensity  of  the  longitudinal  canponont  of  turbulence 

There  is  little  change  resulting . from  the  addition  of  one  more  screen 
in  the  bulge  (see  ?ig.l9),  as  v«uld  be  expected  from  previous  measurements, 
There  the  removal  of  7 screens  had  a negligible  effect.  The  oharactoiustio 
peak  in  intensity  is  nov.-  lorrer. 

2.32  Intensity  of  lateral  component  of  turfaulonco 

The  intensities  of  the  lateral  components  decreased  appreciably  by 
adding  one  more  screen  in  the  bulge  and  were  almost  as  low  as  the^r  were 
•i.'ith  all  9 screens  in  the  bulge  (see  Figs.  20  and  21),  There  is  the  same 
systematic  difference  beV-’eon  the  measurements  made  vdth  increasing  and 
decreasing  v.lnd  speed  (sec  Pig. 21).  The  change  in  sign  at  low  speeds  of 
the  difference  between  the  coves  of  increasing  speed  and  decreeing  speed 
is  probably  duo  to  the  dynamic  dust  effect.  In. section  2.24,  it  was 
mentioned  that  the  intensity  of  turbulence  at  low  speeds  increased  appre- 
ciably if  the  tunnel  had  previously  run  at  top  speed,  owing  to  an  increased 
amount  of  dust  in  the  tuiurel.  Sin.llar  conditions  exist  in  the  present  case, 
if  a curve  is  measured  v/ith  decreasing  vd.nd  speed.  In  previous  measurements 
with  2 screens  in  the  bulge,  the  intensity  of  the  lateral  component  was  much 
higher,  so  that  the  influence  of  the  dust  effect  was  not  noticeable. 

2.33  Traverse  of  the  longitudiiral  and  the  lateral  components  of 
turbulence  across  the  working  section 

The  intensity  of  the  longitudinal  component  in  a vertical  traverse  at 
the  standard  position  (Pig,  22)  is  approrimately  the  same  as  with  2 screens 
in  the  bulge,  but  the  intensity  is  a little  higher  near  the  roof. 

Similar  conditions  exist  for  a horizontal  traverse,  where  the  regions 
near  the  walls  aro  shown  In  Fig, 24a. 

As  far  as  the  longitudinal  oomponent  is  concerned,  the  area  of  tiainel 
with  the  same  low  1* /el  of  turbulence  as  on  the  centre  line  is  about 
25  ins  X 38  ins  out  of  a total  of  36  ins  x 48  ins. 

Traverses  of  the  vertiool  component  are  shown  in  Pig, 23.  Here  the 
local  variations  in  intensity  ore  larger,  especially  near  the  side  walls. 

The  area  of  low  turbulence  is  smaller  for  the  lateral  oomponents  than 
for  the  longitudinal  componont. 
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2,34  Correlation  measurements 

An  attempt  v/eis  made  to  measure  the  oorrelation  of  the  lateral  com- 
ponents only,  but  the  results  were  inoonsistont.  However  there  was  an 
indication  that  the  correlation  curve  would  be  similar  to  that  in  Fig, 17. 

3 Measurements  at  the  end  of  the  second  diffuser 


In  order  to  trace  the  origin  of  the  turbulence  in  the  worldng  seotion, 
measurements  were  made  upstream  at  various  parts  of  the  tunnel  commencing 
at  the  end  of  the  second  difftiser. 

3.1  Intensity  and  frequency  spectra  of  the  three  components  of  tuibulenoe 

In  Fig, 25  the  intensity  of  the  three  components  on  the  centre  line  is 
rather  hl^  (about  1^) , and  approximately  equal  for  all  three  components. 

It  is  roughly  constant  with  speed  and  falls  only  slightly  at  low  speeds, 

(In  Fig, 25,  Uq  is  the  speed  in  the  working  section  emd  U the  local  speed 
at  the  end  of  the  diffuser.)  The  dif^ser  has  an  effective  angle  of  5° 

(see  ref,1). 

The  frequency  spectra  (Figs,  26,  27,  28  and  29)  show  that  almost  aO.1 
the  energy  is  concentrated  below  about  30  o,p,s.  The  lowest  frequency  at 
which  the  analyser  could  be  read  was  about  2,5  o,p,s, , but  it  is  apparent 
from  the  frequency  spectra  at  low  speeds  that  considerable  contributions 
arise  from  frequencies  much  smaller  than  2,5  c,p,s.  The  amplifier  for 
measuring  turbuleiwe  was  used  here  without  a transformer,  and  the  cut  off 
frequency  was  about  0,7  c,p,s.  The  apparent  decrease  of  turbulence  inten- 
sity in  Fig, 25,  at  local  speeds  below  14  f,p,s,,  may  be  due  to  the  fact 
that  frequencies  below  0,7  c,p,s.  contributed  to  the  total  intensity  to  a 
noticeable  extent, 

3.2  Traverse  across  ttinnel  section 


In  order  to  save  time,  measurements  were  made  only  at  a few  points  on 
a vertical  line  from  the  centre  line  to  the  tuimel  floor,  in  order  to  give 
sane  estimate  of  the  distribution  of  turbulence  across  the  tunnel.  The 
results  are  given  in  Table  I and  it  is  seen,  that  the  intensity  remained 
rouf^ily  constant  for  the  lateral  component,  while  there  is  a slight 
increase  near  the  walls  for  the  longitudinal  conponent.  There  is  sane 
scatter  in  the  measured  points,  owing  to  difficulties  of  obtaining  a 
reliable  mean  reading,  the  frequencies  involved  being  rather  low. 

It  is  interesting  to  compare  these  results  with  measurements  in  a pipe 
of  constant  cross— section*.  Hero  the  intensity  of  longitudinal,  component 
was  about  3^  on  the  centre  line  and  reached  a maximum  of  8^  near  the  walls. 
On  the  other  hand,  tho  intensities  in  a Jet  mixing  with  air  at  rest  reach 
values  of  155«  to  205b,  so  that  tho  diffuser  seems  to  be  midway  between  tho 
pipo  flow  and  the  fi:^e  tuibulenco  in  a Jet, 

3,3  Correlation  measurements 


The  oorrelation  of  longitudinal  oomponents  as  a function  of  the  dis- 
tance between  two  wires  is  ^von  in  Fig, 30,  There  is  a slight  influence 
of  speed  in  so  far  as  tho  correlation  is  sli^tly  leas  at  low  speeds. 

This  may  bo  ostplained  by  tiio  fact  that  somo  wind  fluctuations,  at  very  low 
frequencies,  axe  not  recorded  by  the  as^lilier  as  already  mentioned  above. 
Checks  at  a few.  points  indicated  that  tho  oorrelation  curves  for  a hori- 
zontal and  a vortical  traverse  are  very  nearly  the  same.  Rrem  Fig,  30  a 


• See  Goldstein:  Modom  Covolopments  in  Fluid  Dynomios.  Vol.U,  pp.398. 


- 13  - 


f.>-,j-rfl!J?^.  -«r  .’S^.'-J-.'.f  3*5  «^-^y».=-  jr,iiignBy,7jiHK  £ ■ 


Report  No.  Aero  2494 


length  can  be  derived,  usually  oalled  the  scale  of  turbulence,  and  defined 
by 


L 


IC  d.v 


where  K is  the  oorrelation  function  as  defined  in  section  2,24.  L is 
some  measure  of  the  average  eddy  si.:e.  Tlie  oorrelation  of  longitudinal 
cemponent  L^'*)  is  about  3.4,  4.2  and  5.5  ins  for  60,  100  ard  160  to 
220  ft/sec. 

The  oorrelation  of  the  veisticed.  component  of  turbulence  did  not  seem 
to  depend  on  speed,  and  the  points  can  be  represented  by  one  curve  (Pig.3i). 
The  corresponding  scale  of  lateral  ccnx>onent  is  about  2,4  ins,  or,  expressed 
as  a frcction  of  the  diameter  of  an  equivalent  conical  diffuser,  is  0.0182. 

The  scale  of  the  lateral  component  of  turbulence  is  important  in  those 
cases,  where  the  intensity  of  the  lateral  component  is  reduced  by  a honey- 
comb, since  the  cell  size  must  be  smaller  than  the  scale  of  turbulei'^e,  if 
the  honeycomb  is  to  be  effective. 

4 Meaisuranents  bet^veen  the  end  of  the  second  diffiiser  and  the  rapid 
expansion 


The  cross-section  of  the  txmnel  remains  constant  from  the  end  of  tho 
second  difflisor,  just  before  the  third  turning  vanes,  to  the  beginnrlng  of 
the  rapid  expansion  (see  Fig.1  of  ref.1).  Since  the  turbulence  on  the 
centre  lino  is  appreciably  higher  '.t  the  end  of  the  diffuser  than  in  a pipe 
(see  section  3.2) , it  nay  be  expected  that  the  turtrilence  decreases  on  the 
centre  line  after  the  air  passes  from  the  .end  of  the  difftiser  into  that 
part  of  the  tunnel  where  the  cross-section  is  constant, 

17hen  the  turbulerwc  passes  thi-ough  iho  rather  closely  spaced  turniej 
vanes  of  chord  to  gap  ratio  4:1,  these  act  partly  as  a honeycocib  for  the 
horizontal  component  of  turbuler^je,  since  the  turning  vanes  are  vertical; 
at  the  same  time  the  turbulence  of  nil  three  isociponcnts  is  increased  by 
contributions  ol'  the  turbulent  boundary  layer  on  the  turning  vanes  and  the 
wake  behind  tliem. 

The  distribution  of  intensity  of  turbulence  along  the  tunnel  axis 
depends  therefore  on: 

(a)  the  decrease  of  intensity  due  to  the  change  of  flow  from  the 
diffhser  to  a pipe  of  constant  cross-section; 

(b)  an  increase  due  to  turning  vanes; 

and  (o)  a decrease  duo  to  turning  vanes  in  the  horizontal  component  only. 

Measurements  of  the  intensity  of  turbulence  were  made  behind  the  third 
turning  vanes,  and  before  and  after  the  fourth  turning  vanes.  Those  posi- 
tions are  indicated  in  Fig, 32  and  in  Table  II,  where  the  distance  from  the 
end  of  the  difftiser  is  given  in  feet  and  fractions  of  the  diameter  of  an 
equivalent  tube  D.  The  result  of  those  measuiamonts  of  the  intensity  of 
turbulence  is  given  in  Table  III  as  a fraction  of  the  intensity  at  the  and 
of  the  difAiser.  All  three  oemponents  decrease  in  intensity  in  the  direo- 
tion  of  flow,  except  the  longitudinal  oomponont  between  |>osition  (3)  and 
(4).  Between  those  stations,  the  lateral  oostponents  decrease  much  less  thsn 
between  the  other  positions.  The  oaplanation  is  that  both  turning  vanes, 
which  lie  between  positiojis  (1)  and  (2)  and  between  (3)  and  (4)  , are  shedding 
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turbulence;  but  in  the  first  case  the  level  of  the  oncoming  turbulence  is 
higher  than  in  the  second  oase  and  oonsequently,  as  the  turbulence  shed 
from  the  turning  vanes  is  in  both  oases  the  seme,  its  influenoe  appears  to 
bo  larger  in  the  second  oase.  In  position  (4) , the  horiaontal  oomponent 
is  smaller  than  the  vertical  oomponent  (Pig,34),  whioh  is  tho\>ght  to  be 
due  to  the  vertioal  vanes  acting  as  a honeyoon^  for  the  horiaonteJ.  oom- 
ponent,  but  not  for  the  vertioal  ocmiponont.  The  intensity  of  turbulence 
before  the  expansion  is  about  to  ^ for  all  three  oomponents. 

With  a view  to  the  uneven  distribution  of  lateral  oomponents  across 
the  working  section,  a vertioal  traverse  was  made  in  position  (4)  at  rather 
close  intervals,  in  order  to  find  whether  similar  feattires  of  the  lateral 
components  could  be  detected  hero.  Pig. 33  shows  seme  variation  in  inten- 
sity, but  far  less  than  in  the  working  section  (Rig, 23).  Sinse  the  turbu- 
lence before  the  expansion  differs  from  the  turtolenoe  in  the  working  sec- 
tion, by  an  appreciable  contribution,  at  frequencies  above  20  o.p.s, an 
electric  filter  was  irxsoiporated  in  the  amplifier,  which  out  off  all  fluc- 
tuations above  20  o.p.s,,  so  that  the  intensities  labelled  'with  filter' 
in  Fig, 33  were  comparable  in  frequency  to  those  in  the  woridng  section. 

But  even  so  the  variations  in  intensity  were  much  leas  than  in  the  working 
section  (Pig, 23). 


5 Meanuremonts  in  the  bulge 

S."!  Turbulence  measurements  near  centre  line  with  two  screens  In  the 
bulge 

Measurements  v/ore  made  with  a big  wooden  strut  erected  in  the  bulge 
behind  the  screens.  An  existing  strut  -ms  used,  which  was  not  sufficiently 
long,  so  liiat  the  nearest  position  to  the  centre  lino,  at  v*ilcdi  measurements 
oould  be  made,  was  about  iJi"  below.  The  Intensities  of  all  three  com- 
ponents are  roughly  equal,  as  shown  In  Fig, 35.  All  three  oomponents  were 
measured  with  continuously  increasing  windspeed  and  thero  is  a tendenoy  at 
a speed  of  200  ft/ sec  for  meeiaurements  not  to  fit  into  the  curve  throu^ 
the  other  points. 


A comparison  with  turbulence  measurements  in  the  working  section  and 
before  the  expansion  is  of  interest.  According  to  Prandtl^  the  reduction 
of  tixtbulsnce  passing  through  a contraction  is  different  for  longitudinal 
and  lateral  nemponents;  for  the  longitudinal  component  it  is 


where  uj  and  U2  are  the  turbulence  intensities,  and  IJ2  the 

corresponding  values  of  mean  speed.  The  fbimula  is  expressed  here  for  con- 
venience as  the  ratio  of  intensities  relative  to  the  mean  speed,  in  the 
same  way  as  all  the  turbulence  measurements  are  given  in  this  report.  The 
oorrosponding  expression  for  the  lateral  oomponent  is 


Ui  / U2  “ Ui 


(3) 


with  ' and  vo'  as  tho  latorol  components  of  turbulonoe.  In  this  tunnel 
is  (bout  near  the  oentre  line,  if  U<|  is  the  mean  speed  in  the 

25 

bulge  and  U2  in  tho  woridng  seotion. 

* Referred  to  the  ratio  of  the  oross-seotlon  of  '^e  working  seotion  to  that 
of  tho  bulge , the  ratio  would  be  ^ ; however  near  the  oentre  line  at  a 

distance  of  30  to  40  ins  ft*om  tho  last  screen  the  flow  in  the  bulge  has 
alrea^  been  acoelorated  and  hero  the  ratio  is  about  . This  ratio  was 
used  throughout  tho  report.  ^ 
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In  Pig. 8 the  lateral  components  calculated  by  (3)  from  the  measure- 
menta  given  in  Pig, 35  agree  well  with  the  measurements  in  the  working 
section.  Unfortunately  both  measurements  in  the  working  section  and  in 
the  bulge  were  not  made  exactly  on  the  same  streamline,  and  since  the 
variation  in  lateral  component  in  the  working  section  (Pig.15)  is  con- 
siderable, the  good  agreement  betv/een  measured  and  calculated  values  in 
Pig. 8 cannot  be  given  full  weight,  but  it  proves  at  least  that  equation 
(3)  provides  the  correct  order  of  magnitude  for  the  effect  of  contraction. 

According  to  (2)  the  reduction  of  longitudinal  component  is  about 
, and  so  large  that  the  turbulence  in  the  bulge  could  not  contribute 

to  the  turbulence  in  the  v/orklng  section.  This  confirms  that  the  longi- 
tudinal component  in  the  working  section  is  mainly  due  to  fluctuations  of 
the  transition  point  and  noise,  as  was  already  mentioned  in  section  2.21. 

Turning  now  to  a comparison  between  the  turbulet^oe  in  the  bulge  and 
at  a position  just  ahead  of  the  rapid  expansion,  we  note  three  effects; 

(a)  reduction  of  turbulence  by  natural  decay; 

(b)  reduction  of  turbulence  by  passing  through  screens; 

(c)  the  effect  of  rapid  expansion. 

Effect  (a)  is  rather  difficult  to  cstixaate,  since  the  law  of  natural  decay 
of  turbulence  is  not  known  in  this  case.  Although  the  intensity  of  turbu- 
lence has  been  measured  at  a number  of  positions  between  the  end  of  the 
second  diffuser  and  before  the  rapid  expansion,  it  is  almost  impossible  to 
extrapolate  the  farther  decay  of  turbulence  from  these  measurements,  since 
at  each  of  the  turning  vanes  fresh  turbulence  has  been  added  to  the  turbu- 
lence from  the  flov;  in  the  difi\aser.  Both  kinds  of  turbulence  differ 
appreciably  in  scale  ('eddy  size'),  as  is  obvious  -when  coiusidering  the 
anall  size  of  the  boundary  layer  on  the  turaing  vanes  compared  with  the 
scale  of  turbulence  at  the  end  of  the  diffuser;  moreover,  the  rate  of 
decay  depends  on  the  scale  of  turbulence.  Therefore  only  a guess  can  be 
made  with  regard  to  the  reduction  of  turbulence  by  natural  decay  and  it  is 
assunod  to  be  of  the  order  of  2 to  A. 


The  second  influence,  the  reduction  of  turbulence  by  screens,  has 
been  investigated  theoretically  by  G.  I.  Taylor  and  G.  K.  Batchelor®  and 
eDq>erimsntally  by  Schubauer,  Spangenberg  and  Klebanoff^.  In  agreement  wilii 
both  theory  and  experiment,  the  lateral  components  are  reduced  by  a factor 


1.1 

' 9 

>/l  + k 


(4) 


There  k is  the  resistoivoe  coefficient  of  the  screens.  Por  the  longitu- 
dinal cMDponent , the  reduction  is  given  by  the  theory  as* 


„ 1 a - ak 

*u  “ i 

1 + a + k 


1.1 

/TTlc 


(5) 


whereas  the  measurements  of  ref, 7 can  be  represented  by  the  following 
formola 


v1+k 


(0 


* Equation  (5)  is  valid  for  the  reduction  of  small  disturbances  of  mean 
speed,  It  is  however  also  a good  approximation  fbr  the  reduction  of 
isotroplo  turbulence. 
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The  difference  between  theory  and  experiment  is  appreciable  for  large  values 
of  k and  may  amount  to  a factor  10  to  100  for  a nimdier  of  dense  screens. 
The  theory  appears  to  predict  quite  accurately  the  reduction  of  sra^l 
variations  in  mean  speed  scoording  to  the  experiments  of  Sehubauer' . If 
the  turbulence  is  oonposod  of  very  low  frequencies,  the  law  of  reduction 
of  mean  spoud  (equation  (5))  will  bo  valid  instead  of  equation  (6). 

Schubauer  used,  in  his  cxporiments,  turbulence  with  a scale  of  the  longi- 
tudinal component  of  0.2*.  ins,  whereas  the  corresponding  scale  at  the  end 
of  the  sc-oond  diffuser  .ras  from  3.5  to  5.5  ins  in  the  present  tunnel. 

Since  the  scale  of  turbulence  in  this  tunnel  is  larger  than  that  in  ref. 6, 
and,  since  the  speed  in  the  bulgo  of  this  tunnel  is  smaller  than  in 
Schubauer' s experiments,  the  frequencies  of  the  turbulence  will  be  much 
lower  here  than  in  ref, 7.  Honoo  Schubauer' s formula  (6)  may  not  be  appli- 
cable, and  values  betv/oon  those  of  equations  (5)  and  (6)  may  be  valid  fbr 
the  reduction  of  turbulence  in  the  bulgo  of  this  tunnel.  In  the  following 
discussion,  both  limiting  cases  wore  distinguished  by  'i^ynamio'  and 
'static'  reduction  coefficients  (r(®)  and  rts)).  The  reduction  of  turtu- 
lence  has  boon  calculated  for  nil  throe  components,  and,  in  the  case  of 
the  longitudinal  component,  also  for  the  'static'  and  'dynamic*  case, 

Thi’ee  separate  oases  for  2,3  and  9 screens  in  the  bulge  v/ere  considered. 

The  screen  rosistanoc  was  calculated  from  ref .8,  The  result  is  sho'.m  in 
Table  IV,  vihere  R^  and  mean  the  total  reduction  of  longitudinal  and 
lateral  cemponents  respectively  by  all  the  screens.  (D)  and  (S)  doiote 
dynamic  and  static  cases.  As  all  the  screens  are  placed  a distance  apart, 
T^ich  is  large  compared  vdth  the  mesh  sisc  of  the  screens,  the  total  reduc- 
tion of  turbulence  is  the  product  sum  of  the  reduction  of  the  individual 
screens.  For  instance 


\'1  + k 


(7) 


The  variation  with  speed  arises  from  the  variation  of  k with  Reynolds' 
number  as  given  in  ref, 8,  and  it  is  also  shown  in  Table  IV  for  each  screen 
separately.  The  screens  in  the  rapid  expansion  are  all  of  the  seme  kind 
of  0,0095  ins  wire  diameter  and  0,033  ins  mesh  size,  but  the  local  speed 
is  different  for  each  of  the  throe  screens;  consequently  their  respective 
values  of  k differ.  The  screens  In  the  bulge  were  of  0,017  ins  wire 
diameter  and  0,05  ins  mesh  size.  The  big  difference  between  'static'  end 
* (dynamic*  overall  reduction  of  the  longitudinal  oanponent  is  rather 
striking.  With  all  9 screens  in  the  bulge  the  overall  reduction  would  be 
so  hi^,  that  the  measured  txubulence  in  the  bulge  or  in  the  woridng  sec- 
tion could  not  be  explained  by  any  turbulence  oomlng  from  upstream.  This 
fact  will  be  used  in  section  6 ns  a strong  argument  in  explaining  the 
nature  of  the  lateral  components. 

In  order  to  calculate  the  influence  of  the  rapid  expansion  on  the 
turbuletice,  equations  (2)  and  (3)  are  assumed  to  bo  valid.  The  ratio  of 
speed  before,  to  speed  after,  the  expansion  is  about  3. 

In  Table  V the  ratio  of  intensity  of  turbulence  after  and  before  the 
rapid  expansion  is  given  for  each  of  the  two  effects  mentioned  below: 

TABLE  V 


Influence  duo  to: 

Lonsit\idinol  oomDonont 

Lateral  cemoonent 

natural  dooay 

V3 

V3 

rapid  expansion 

9 
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The  value  for  the  reduction  due  to  natural  decay  is  rather  an  arbitrary 
mean  between  the  values  of  2 and  4>  which  were  previously  mentioned.  The 
rapid  expansion  increases  both  components,  if  th^  are  expressed  as  a 
fraction  of  mean  speed,  since  the  effect  of  a rapid  expansion  is  the 
opposite  to  that  of  a contraction. 

It  is  novf  possible  to  calculate  the  turbulence  in  the  bulge  frqjn  the 
measured  values  before  the  rapid  expansion.  Kean  values  of  turbulence 
intensity  of  about  5.4J-,  4;-  and  4.^^  are  assumed  for  the  longitudinal, 
horizontal  and  vertical  components  of  turbulence  (u' , v'  and  w')  . Using 
values  from  Tables  IV  and  V for  the  reduction  of  tuidjulonoe  due  to  all 
three  influences  (a)  to  (c)  as  listed  in  section  4,  we  obtain  the  following 
values,  assuming  tv/o  screens  in  the  bulge; 

TABLE  VI 


Speed  in 

u* 

V* 

w' 

worklntt  section 

J- 

1. 

60 

0.32 

0,072 

0,083 

100 

0,38 

0,096 

0.110 

160 

0.59 

0,132 

0.150 

220 

0.70 

0.17 

0.200 

In  calculating  u*  in  this  table,  the  dynamic  ooeffioient  of  reduction 
of  u*  in  Table  IV  has  bcon-used;  the  values  for  the  static  reduction 
would  bo  practically  zero.  Comparing  those  results  with  Pig. 35  the  cal- 
culated values  of  u'  are  larger  than  the  measured  values,  whereeis  the 
calculated  lateral  conponents  are  smaller.  The  measured  intensities  of  all 
throe  oomponents  rise  much  more  steeply  than  the  calciilated  values;  this 
is  explained  by  the  fact  that  the  screens  operate  below  their  critioal 
Reynolds'  number  at  low  speeds.  Under  these  conditions  the  reduction 
coefficients  i\i  and  differ  from  equations  (4)  and  (6)  and  they  drop 
with  decreasing  speed  as  has  been  sho'.vn  by  Schubauer^ . Since  the  amount  of 
reduction  of  turbulence  by  natinral  decay  is  uncertain,  no  definite  con- 
clusion can  be  drawn  from  this  oemparison  between  calculated  and  mocisured 
intensities  in  the  case  of  two  screens  in  the  bulge. 


j 

! 

» 


The  correlation  moasureraents  are  more  useful.  The  correlation  of  the 
longitudinal  component  betv/een  two  wires  at  some  distance  apart  was 
measured  with  one  wire  fixed  and  the  other  travelling  horizontally  (Pig,36) 
or  vertically  (Fig, 37)  • fixed  wire  yias  about  17?  ins  vertically  below 
the  centre  line.  In  the  horizontal  traverse  the  movable  wire  travelled 
from  left  to  right,  >vhen  facing  the  direction  of  flow,  in  the  vertical 
traverse  vertically  downwards.  Comparison  with  Pig, 30  shows  that  the 
correlation  curve  is  entirely  different  in  the  bulge,  ooirelatlon  zero 
being  reached  in  all  ourvos  at  a distance  between  0,2  and  0,4  ins,  which 
is  very  short  compared  vdth  Pig, 30,  Even  negative  values  of  correlation 
are  reached  in  the  bulge. 

It  was  not  possible  to  measure  the  correlation  of  lateral  components, 
for  reasons  given  in  Appendix  II ; but  the  oorrolation  between  longitudinal 
and  lateral  component  was  measured  (Pig,38) ; this  was  rather  high  in 
places.  Since  no  correlation  between  lateral  and  longitudinal  oomponent 
was  observed  near  the  centre  line  at  ttie  end  of  the  difl>iser,  as  oould  be 
expected,  thoEo  measurements  in  the  bulge  strongly  suggest  that  there  is 
an  appreciable  contribution  to  the  lateral  component,  vtoose  origin  is  not 
the  diffuser.  The  same  oonolusion  also  holds  for  the  longitudinal  ocm- 
ponent.  This  orgmont  will  be  expanded  in  section  6,2, 
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5.2  Meaauranenta  of  the  mean  flow  In  thn  hniffw 

In  coxmeotion  with  the  abnormal  apread  of  turhulenoe  in  the  working 
aection,  the  moan  flow  in  the  bulge  waa  inveatigated  more  cloaely. 

Obaeiwations  d^owed  that  with  all  9 aoreena  in  the  bulge,  there  was 
a return  flow  near  the  walls  of  the  bulge  whose  extent  ia  roughly  indioated 
in  Fig.39.  The  return  flow  soemed  to  exist  even  through  the  last  screen. 
There  v/as  no  return  flov/,  if  the  number  of  aoreena  waa  redxioed  to  2 or  3. 

The  mean  speed  distxd.bution  across  the  bulge,  and  about  30  ina  down- 
stream of  the  last  screen,  waa  measured  for  the  cases  of  9 and  2 screens 
in  the  bulge.  In  the  former  case  (Pig,40)  there  ia  a small  local  peak  near 
the  walls,  iirtilch  ia  thought  tc  be  due  to  the  displacement  of  strerallnes , 
caused  by  the  return  flow.  There  is  a gradual  fall  from  the  menHitinti  on  the 
centre  line  towards  the  walls  for  2 screens  in  the  bulge  (Fig .41),  in  v/hioh 
case  there  is  no  return  flow  on  the  tunnel  walla.  Since  the  traverses  were 
made  in  a place  where  the  contraction  already  aWeots  the  flow,  a constant 
velocity  profile  could  heurdly  be  expected,  certainly  not  for  potential  flow. 
With  two  screens  in  the  bulge  measurements  were  also  made  about  7 ins  behind 
the  last  screen  (Fig,42).  Being  ftirtiier  a*./ay  from  the  ocntraotion,  the 
velocity  distribution  ^s  rather  flat  with  minor  local  variations. 

If  a screen  ia  inserted  In  a flow  with  curved  streamlines,  there  will, 
in  general , be  vox*ticity  in  the  mean  flow.  This  is  confinnod  by  measure- 
ments of  the  total  head  distribution.  In  Pigs,  43  and  44,  the  difference 
between  the  total  head  at  any  point  and  at  the  centre  line,  at  different 
distances  from  tho  wall,  is  shown. 

With  9 screens  in  the  bulge,  the  total  head  rises  continuously  up  to 
the  turbulent  mixing  zone  of  the  return  fkur,  when  it  falls  rapidly.  The 
vortioity,  which  is  equal  to  the  gradient  of  the  total  head,  roaohes  a 
maxlimin  at  both  sides  of  the  maximum  of  the  total  head.  With  two  screens 
in  the  bulge,  and  in  the  absence  of  any  return  flow,  there  is  no  sharp  drop 
in  total  head  near  the  walls. 

6 Explanation  of  the  origin  of  turbulence  in  tho  working  section 

Meaisurenients  in  the  woricing  section  were  sufficient  to  e:q>lain  the 
origin  of  the  longitudinal  cemponent  of  turbulence;  this  explanation  has 
been  given  in  ref, 3 and  in  section  2,12,  However  it  retjiires  more  elaborate 
arguments  to  explain  the  origin  of  Idle  lateral  components.  Hence  the  case 
of  the  longitudinal  oomponent  is  mainly  sunmarised  hero,  whereas  a flill 
discussion  is  given  of  tho  origin  of  the  lateral  components, 

6,1  Longitudinal  oomponent  of  tuibulenoe 

In  section  2,12  and  in  ref. 3,  the  origin  of  the  longitudinal  oomponent 
was  explained  by  fluctuations  of  transition  point  and  noise,  which  wore 
prodonlnant  bolov^  a speed  of  about  150  ft/soo  and  above  I50  ft/soo 
respectively.  The  fluctuation  of  transition  point  waa  directly  observed  by 
using  an  oil  film  technique  (sootlon  2,12).  The  influence  on  tuzbulenoe 
intensity  waa  proved  by  fixing  a transition  -wire  on  tho  tunnel  wall 
(section  2,12),  Pressure  fluo.tuations  wore  measured  by  a hot  wire  micro- 
phone of  special  design,  placed  in  tho  middle  of  the  tunnel,  Tho  corres- 
ponding partiolo  velocities  agreed  well  with  the  velocity  fluctuations  at 
speeds  above  150  ft/seo  (ref .3).  Opening  and  oloairg  the  two  seta  of  holes 
in  the  return  oirouit , and  at  the  end  of  the  woztdj:^  section,  had  a marked 
influenoe  on  the  volooity  fluctuations  above  I50  ft/seo.  This  ooold  only 
be  explained  by  assuaing  the  velocity  f luotuatlons  to  consist  of  sound  at 
that  speed  range,  Tho  longitudinal  oomponent  of  turbulence  showed  a 
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degree  of  correlation  across  the  working  section  for  all  apeeds.  This  is 
consistent  with  the  longitudinal  component  of  turbulence  being  caused  by 
fluctuations  of  transition  point  and  noise.  That  no  contribution  cooes 
from  upstream  is  proved  by  applying  the  formula  for  reduction  of  tuxhulenoe 
due  to  a contraotion  (equation  (2))  to  the  measuranents  in  the  bulge;  the 
resulting  tuibulenoe  intensities  from  that  source  would  be  too  small  to 
contribute  to  the  longitudinal  component  in  the  working  section,  provided 
there  is  no  interchange  of  turbulent  energy  from  one  component  to  the 
other, 

6,2  Lateral  ocanponent  of  turbulence 

Comparison  of  intensity  of  lateral  components  can  be  made  for  ttie 
following  three  cases,  which  differ  by  the  number  of  screens  in  the  bulge: 


(a) 

f) 

soreena 

(b) 

3 

3oreen3 

(c) 

2 

screens 

The  lateral  intensities  of  the  turbulence  in  the  ■working  section  for  these 
three  oases  can  be  found  in  ref, 3 and  in  Figs,  8,  20  and  21  of  this  paper. 
Although  in  oases  (a)  and  (b)  there  vfas  a difference  of  6 screens  in  the 
bulge,  the  intensity  of  the  lateral  components  has  hardly  chained.  If  the 
■turbulenoe  had  its  origin  tqpstreem  of  the  screens,  there  ■would  be  a charge 
in  intensities  by  a factor,  v/hioh  varies  between  260  and  76  according  to 
speed  (see  Table  IV).  This  is  a strong  argtment  for  assuming  the  last 
screen  to  be  the  source  of  the  lateral  component  in  the  case  of  all  9 screens 
in  the  bulge. 

If  there  is  hardly  any  change  in  intensity  between  the  case  with  9 
with  3 screens  in  the  bulge,  and  if  with  9 screens  the  intensity  is  mainly 
due  to  turbuleirae  shed  from  the  last  screen,  then  it  follows  that  the  inteiv- 
sity  with  3 screens  in  the  bulge  is  also  mainly  due  to  turbulence  shed  from 
the  last  screen. 


It  would  seem,  at  first,  as  if  ■the  difference  in  intensity  by  a factor 
2 to  3 between  cases  (b)  and  (c)  was  mainly'  due  to  more  turbulence  from 
ripstream  being  transmitted  throu^  the  screens.  However  a strong  aigunent 
against  this  is  found  in  Fig, 17,  where  the  shape  of  the  correlation  fVirvotion 
of  the  lateral  cemponent  in  the  working  section  is  entirely  different  fbom 
that  at  the  end  of  the  sooond  diffuser  (KLg,31).  Another  argument  is  a 
considerable  variation  of  the  intensity  of  lateral  component  across  the 
working  section  and  the  absence  of  such  variation  before  the  rapid  expansion 
(compare  Fig. 15  and  Fig. 33).  Measurements  of  oorrelation  of  the  longitudinal  * 

component  in  the  bulge  (Figs.  36  and  37)  were  of  a similar  ralmrs  to  Ihcae  for  to  ] 

lateral  component  in  the  -wDridng  section  and  entirely  different  from  those  | 

at  the  end  cf  the  second  diffuser.  There  was  also,  in  tiie  bulge,  a oorre-  j 

latlon  between  longitudinal  and  lateral  oomponents  of  tuzhulenoe  near  the 
centre  line,  whereas  no  such  oorrelations  could  be  found  at  the  end  of  the 
second  diffoser. 


The  obvious  conclusion  is  that  disturbnnoes  with  this  peoullar 
oharacteristio  are  ^ed  from  the  leist  soreen  and  possibly  also  from  pre* 
oeding  soreens.  It  could  not  be  the  ordinary  turbulenoe  died  from  any 
soreen,  dLneo  its  scale  would  be  much  smaller  than  that  measured  in 
Figs.  36  and  37  and  its  decay  is  so  rapid  that  it  would  not  be  observed  in 
the  working  seotion  (see  ref .7).. 

The  possible  nature  of  this  type  of  distuitanoe  is  now  discussed.  An 
Inhcmogeneity  in  tho  soreens  is  oooompanled  by  looal  variations  in  resistance 


i 
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coefficients  and  these  result  in  corresponding  variations  in  local  moan 
speed.  If  all  speeds  are  taken  relative  to  the  mean  speed,  these  vao'ia- 
tions  in  mean  speed  represent  local  jets.  New  it  is  known  that  jets  are 
unstable  if  their  Reynolds'  number  is  above  a very  low  critical  Value. 
However  experiments  of  Hcman^,  on  wakes  bdiind  cylinders,  indicate  that  at 
low  Reynolds'  number  (and  since  the  speed  in  the  bulge  is  small,  this 
applies  hero) , the  wake  is  initially  deformed  to  a vmve  form.  This  corres- 
ponds to  laminar  oscillations  in  the  boundary  layer  on  a flat  plate,  which 
precede  transition  to  tuibulence.  Since  the  settling  length  bdiind  the 
screens  is  rather  short,  these  laminar  oscillations  have  not  enough  time 
to  build  up  to  intensities  so  high  that  transition  to  turbulence  occurs, 
before  they  pass  through  the  contraction.  The  contraction  stabilizes  these 
jots  by  reducing  all  differences  in  mean  speed  to  obotrt  ‘/600  of  their 
origineO.  values.  The  flov/  is  then  stable.  This  explanation  would  account 
for  the  Icnv  frequency  of  the  lateral  components,  since  by  analogy  with 
laminar  oscillations  in  the  boundary  layer  on  a flat  plate  the  frequencies 
involved  v/ould  bo  lor.  It  remains  to  be  explained  why  the  difference  in 
intensity  of  lateral  component  in  the  vrorking  section  between  2 and  3 
screens  is  so  large.  It  is  thought  that  the  intensity  of  the  laminar  oscil- 
lations depends  on  the  magnitude  of  initial  disturbances  approaching  the 
last  screen.  Those  are  larger  in  the  case  of  2 screens  than  in  the  case 
of  3 screens  in  the  bulge. 

Schubauer^  has  found  similar  disturbances  behind  screens , which  he 
also  attributed  to  irregularities  of  the  screen.  Schubauer  thought  that 
the  pattern  of  voriatior.3  of  moan  speed,  set  up  by  these  irregularities, 
is  agitated  by  the  oncoming  turbulence,  vdiich  was  rather  hi^,  i.o.  of  the 
order  of  1);.  Hcr.vovor  vd.th  all  nine  screens  in-  the  bulge,  the  turbulence 
approaching  the  last  screen  could  be  only  the  ordinary  turbulence  shed  by 
the  preceding  screen;  it  v.-ould  be  composed  of  rather  high  frequencies 
owing  to  the  small  mesh  size  of  the  screens,  and  it  is  difficult  to  see 
how  this  could  result  in  velocity  fluctuations  of  the  lo^v  frequencies 
observed  in  the  working  section,  unless  there  '.vorc  already  on  Instability 
of  flow,  v/hich  had  a selective  effect  on  the  disturbances.  It  is  likely 
that,  with  a high  intensity  turbulence  approaching  the  last  screen, 
Schubauer' 3 explanation  is  valid,  whereas  7d.th  very  low  levels  of  oncoming 
tiirbulence,  the  instability  of  flow  has  to  be  taken  into  account. 

The  difference  betwoon  measurements  made  with  increasing  speed  and 
those  made  with  decreasing  speed  in  Figs.  8 and  21  would  be  more  likely  to 
occur  in  a flow  which  is  unstable. 

Local  variations  in  tuibvilence  can  be  explained  by  local  variations 
in  rosistanoe  coefficient. 

7 Discussion  of  the  region  of  high  intensity  tuibulenco  near  the 

walla  of  the  verkimt  sootion 

It  has  been  shown  in  previous  sections  that  the  region  of  hig^  inten- 
sity tuiljuloncc  in  the  working  section  occurs  vdion  a return  flow  exists  in 
the  bulge.  The  region  of  rotrom  flow  in  the  bulge  extends  about  2 to  3 ins 
from  the  walls  and  turbulent  mixing  occurs  at  the  intoi?fcu}e  of  forward  and 
return  flow.  Measurements  (Pig,if5)  showed  that  the  intensity  of  turbulence 
reaches  values  as  high  as  of  the  local  moan  speed  in  a region  whOTe  the 
moan  speed  has  not  yet  fallen  appreciably  ( soo  Fig.46) . Further  downstream 
the  return  flow  ends  at  the  beginning  of  the  oontraotion.  On  a streamline 
close  to  the  interfaoo  between  forward  and  return  flow,  tut  in  the  r^ion 
of  forward  flow,  the  tuibulonoo  will  bo  fed  by  the  instability  of  the 
interface;  but  later,  when  passing  into  the  contraction  it  will  be  oloso 
to  the  wall  and  v/ill  therefore  bo  dongjed.  This  would  result  in  a distri- 
bution of  turbulence  similar  to  that  shown  in  Pigs.  2 and  3,  where  the 
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maodmm  of  turbulence  intensity  is  some  distance  from  the  wall.  In  passing 
through  the  oontraotion  (effective  ratio  25t1)  the  longitudinal  oomponent 

of  turbulence*  is  reduced  by  a factor  JL-  (see  section  5)  and  on  the  basis 

600 

of  this  figure  the  high  intensity  turbulence  at  the  beginning  of  the  working 
section  could  not  be  explained  by  turtwlenoe  in  the  bulge.  However  the 
lateral  components  are  only  reduced  by  a factor  5 in  passing  through  the 
oontraotion  and  with  a high  intensity  turbulence  it  is  likely  that  the 
longitudinal  oomponent  would  receive  energy  from  the  lateral  components. 

For  instance,  the  turbulence  intensity  is  ^ in  Pig. 45  at  a distance  of 
20  ins  from  the  wall  at  a speed  of  180  ft/seoj  lYom  this  figure  the  inten- 
sity at  the  beginning  of  the  working  section  v/as  calculated  by  allowing  for 
the  influence  of  the  oontraotion  according  to  equations  (2)  and  (3)  and 
assuming  «1~1  three  components  to  be  equal  in  the  bulge.  It  is  fisher 
assumed  that  all  three  components  remain  equal  in  passing  through  the  con- 
traction by  exchanging  their  energy,  although  the  effect  of  the  contraction 
is  selective  on  longitudinal  and  latereil  cooponents.  The  result  was  an 
intensity  of  0,9^  and  it  compares  with  the  measured  value  of  0,79?  at  a dis- 
tance of  4 ins  fVom  the  wall,  which  is  about  VS  of  the  corresponding  dis- 
tance in  the  bulge.  But  for  points  closer  to  the  wall  agreement  was  not  so 
good,  probably  ovring  to  the  presence  of  the  v/alls. 

The  r^ion  of  high  intensity  turtulenoe  can  also  bo  explained  by 
assumii^  on  instability  of  flow.  Liepmann^®  has  recently  simmarized  the 
various  oases  of  instability.  In  most  of  these  cases  the  flow  consists  of 
parallel  stroamlinos,  and  the  stability  criterion  can  be  expressed  in 
terms  of  certain  oharaotoristios  of  the  velocity  profile.  This  is  however 
impossible  in  a more  geno3?al  case,  where  the  streamlines  are  curved,  and 
Liepmann  suggested  that  the  stability  criterion  should  be  expressed  in  terms 
of  vortioity.  In  applications,  the  distinction  betv/een  two  dimensional  and 
three  dimensional  disttirbancos  is  not  important.  It  is  sufficient  to  con- 
sider throe  basic  oases; 


A.  Dynamic  instability: 

(a)  due  to  a maximirn  in  vorticity  distribution; 

(b)  duo  to  vorticity  in  a flow  wirh  curved  streamlines; 

B.  Viscous  instability. 

Case  A(a)  was  investigated  by  Rayleigh^  ^ and  Tollmien^^  for  the  case  of  a 
parallel  flow  and  then  the  instability  criterion  is  a point  of  infleotion 
in  the  velocity  profile,  which  is  equivalent  to  a maximan  in  vortioity 
distribution.  Case  A(b;  was  also  investigated  by  Raylel^^^.  If  the 
streamlines  are  oircles,  the  flow  is  stable  or  unstable,  if  the  square  of 
the  circulation  increases  or  decreaises  with  increasing  radius.  However, 
for  a general  case  of  flow,  it  is  again  better  to  express  the  stability 
criterion  by  vortioity  Instead  of  by  circulation.  In  Appendix  III  a simple 
rule  is  derived  for  the  stability  criterion:  the  flow  along  a curved 

streemline  is  dynamically  stable  at  any  point  where  the  vortioity  of  a 
fluid  particle  has  the  same  direction  of  rotation  as  the  radius  vector 
from  the  centre  of  curvature  of  the  stroeoUne  to  the  fluid  particle. 


Now  the  stability  of  flow  in  tho  bulgo  will  be  discussed.  The  vorti- 
city can  be  eoqjressed  by  tho  gradient  of  the  total  head  as 


Y = 


_1_  ^ 

uC  dy 


(8) 


• ATI  turbulenjo  intensities  are  here  relative  to  the  looal  mean  speed* 
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where  P is  the  total  head,  y the  distance  fVoD  the  wall  of  the  tunnel. 
Fran  Figs.  43  and  1>U  it  can  bo  seen  that  there  ia  a maximm  in  vortioity 
between  the  centre  IdLne  of  the  tunnel  and  the  peak  of  total  head.  Whether 
there  is  another  maxiinuin  of  vortioity  near  the  walls  cannot  be  decided, 
since  the  measurements  in  Jigs,  43  and  44  were  not  made  sufficiently  close 
to  the  walls.  However,  there  is  at  least  one  maximum  of  vortioity  and 
hence  instability  of  the  type  A(a)  exists.  Instability  of  the  type  A(b) 
eilso  exists.  Since  the  total  head  does  not  change  along  streamlines, 

Fig, 43  will  also  give  the  distribution  IXirther  downstream,  vhore  the  curva- 
ture of  the  walls  is  larger  than  in  the  cross-section,  where  the  measure- 
ments of  Fig. 43  were  taken.  The  vortioity  is  negative  near  the  walls  in 
the  bulge  according  .to  Pig,43  and  equation  (8).  Fig.47  shows  the  direction 
of  streamlines  and  the  system  of  coordinates  used,  and  it  is  seen  that  the 
radius  vector  from  the  centre  of  curvature  to  a fluid  particle  near  the 
concave  wall  has  a positive  direction  of  rotation.  The  vortioity  near  the 
walls  being  negative,  an  instability  exists  here.  This  type  of  instability 
would  give  rise  to  additional  velocities  nonnal  to  the  walls,  vfhioh  could 
be  quite  strong,  since  the  high  intensity  tvirbulence  near  the  walls  repre- 
sents a high  initial  disturbance  for  the  instability  of  flow. 

In  conclusion,  it  can  be  said  that  the  return  flow  in  the  bulge  is 
ultimately  responsible  for  the  abnormal  spread  of  turbulence  in  the  working 
section.  But  it  is  not  quite  clear,  vdiether  the  high  intensity  turbulence 
in  the  bulge  connected  with  the  return  flow  is  simply  swept  downstream  into 
the  wprMng  section;  in  this  case  the  longitudinal  component  would  have  to 
receive  almost  all  its  energy  from  the  lateral  cooponents  in  order  to 
explain  the  measured  intensity  of  longitudinal  canponent  at  the  begiiming 
of  the  working  section.  There  is  also  the  possibility  of  two  types  of 

instability  of  flow,  vrhich  are  caused  by  the  vortioity  of  mean  flew  and  the 

influence  of  the  return  flov/  on  the  distribution  of  vortioity,  Prem  the 
present  measurements  it  is  not  possible  to  assess  the  contribution  from 
each  of  the  three  possible  explanations. 

Something  remains  to  be  said  about  the  origin  of  the  return  flow. 
Observations  indicated  that  the  return  flow  extended  upstream  through  the 
last  screen,  When  the  fir.ct  and  the  last  of  the  9 screens  (Fig,1  of  ref,1) 
were  in  the  bulge,  there  v/as  no  return  flow  and  it  was  the  same  with  the 
first,  the  second  and  the  last  screen  in.  In  the  first  case  there  was  a 
distance  of  about  4 ft  between  the  two  screens,  in  the  second  case  the 

distance  between  the  first  and  the  second  screen  was  ^ ft  and  between  the 

second  and  the  last  screen  ft.  It  is  assumed  that  a sepecation  of  the 
boundary  layer  and  a region  of  strong  adverse  pressure  gradient  after 
separation  is  necessary  to  create  a return  flow.  Since  the  oontraction  is 
very  rapid,  an  extended  region  of  adverse  pressure  gradient  certainly 
exists  on  the  wedls  of  the  bulge  downstream  of  the  last  screen.  Since  the 
windspoed  immediately  behind  the  last  screen  is  almost  uniform  (Pig,42) 
and  the  total  head  increases  toward.s  the  wall  of  the  bulge,  it  follows  that 
there  is  a radial  increase  in  pressure  behind  and  before  the  last  screen. 
Since  the  wall  of  the  bulge  is  straight  upstream  of  the  last  screen,  there 
will  be  an  adverse  pressure  gradient  on  the  walls.  So  conditions  favo\u*able 
to  a separation  exist  ahead  of  the  last  screen,  and  it  can  be  concluded, 
that  the  proximity  of  one  or  more  screens  to  the  last  screen  creates  flow 
conditions,  which  actually  sot  vp  the  return  flow  in  the  bulge.  Details  of 
these  flew  conditions  are  not  yet  clear, 

8 ■ Conclusions 


Some  conclusions  are  drawn  from  the  turbulence  moasuranents,  which 
mi^t  help  in  the  design  of  a low  turbulence  wind  tunnel. 

There  ia  at  present  little  iirfoimatlon  about  the  amount  of  reduction 
of  turbulenoe  which  is  desirable  in  a low  turbulenoe  wind  tunnel. 
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Experiments  of  Schubauer  and  Skramstad^^  showed  that  in  the  oMe  investi- 
gated, a decrease  of  turbulence  below  O.IJt  would  not  effect  the  position 
of  the  transition  point  in  the  boundary  l«^er  on  a flat  plate.  In  this 
tunnel  a level  of  turbulence  of  about  0,02^  to  0,03^  for  all  three  ocm- 
ponenta  was  achieved  with  three  screens  in  the  tunnel.  Although  few  data 
have  been  published  about  turbulence  in  other  wind  tunnels,  the  intensity 
of  longitudinal  component  in  this  tunnel  seems  to  be  of  about  the  same 
order  of  magnitude  as  in  other  low  turbulence  tunnels,  but  the  lateral 
oonponent  is  probably  lower  than  in  other  tunnels.  Since  the  longitudinal 
component  is  mainly  due  to  noise  at  full  tunnel  speed,  it  is  not  surprising 
that  a similar  level  of  that  component  is  reached  in  various  tunnels;  in 
all  these  tunnels  the  main  effort  v/as  to  reduce  the  turbulence  ooming  from 
upstream  and  these  efforts  being  3ucoes3^^rl,  there  remains  only  noise, 

■rfiose  particle  velocity  is  registered  by  the  hot  wire  in  the  same  way  as 
'genuine'  tuihulenoe.  Hov/ever,  it  was  found, in  this  tunnel,  that  vent 
holes  in  the  tunnel  provided  seme  powerfVil  means  of  reducing  noise.  These 
vent  holes  exist  at  two  places  in  the  tunnel,  one  at  the  end  of  the  worldng 
section,  the  other  between  the  third  eurid  fourth  turning  vanes.  These  vent 
holes  act  as  acoustic  filters.  Sound  can  be  attenuated  in  a tube  by  holes 
connected  to  a cavity.  The  dimensions  of  the  hole  and  the  cavity  define  a 
resonance  frequency,  belov/  vdiich  frequency  sound  is  attenuated.  In  this 
tunnel  the  cavity  v/as  in  one  case  infinite  (vent  holes  in  return  circuit) , 
and  in  the  other  case  (vent  holes  in  v/orking  section)  sufficiently  large 
to  suppress  most  of  the  low  frequencies.  A further  reduction  of  r»ise 
could  be  achieved  by  one  or  more  sets  of  holes,  each  at  least  one  tunnel 
diameter  distant  from  the  other  and  connected  to  a separate  cavity.  These 
acoustic  'filters'  are  only  effective  for  sound  of  a wave  length  larger 
than  the  diameter  of  the  tube,  i.e.  of  the  t\mnol.  However  in  this  tunnel 
the  noise  v/as  of  sufficiently  long  wavelength  for  these  filters  to  be 
effective. 

With  9 screens  in  the  bulge,  the  high  intensity  turbulence  spreading 
over  a considerable  part  of  the  working  section  needs  some  attention. 

This  seemed  to  occur  when  more  than  one  screen  was  too  close  to  a rather 
sudden  contraction.  It  is  unlikely  that  this  danger  worild  arise  in  a 
conventional  design  with  a more  gradual  contraction  and  a longer  settling 
oKamber.  Some  guide  as  to  v/hen  this  danger  arises  mey  be  found  by  observing 
that  this  phenomenon  was  absent  when  the  first,  second  and  ninth  of  the 
movable  screens  v/ere  installed  in  the  bulge. 

The  next  problem  discussed  is  that  of  reducing  the  turbulence  generated 
upstream  of  the  working  section.  It  does  not  seem  to  be  generally  realised 
that  the  turbulence  is  high  (about  10-1253  of  the  mean  speed)  at  tt*e  end  of 
the  second  diffliser.  Con^jared  with  this  the  additional  turbulence  shed  by 
the  following  turning  vanes  is  small,  if  the  turning  vanes  are  closely 
spaced  (in  this  tunnel  chord  to  gap  ratio  4si).  The  turbulence  entering 
the  settling  chamber  or  a rapid  expansion  will  be  about  4 to  ^ for  all 
three  oemponents.  The  reduction  of  turbulence  can  be  achieved  by 

(a)  natural  decay  of  turbulence 
• (b^  screens  or  honeycomb 

(o)  a sufficiently  large  contraction  ratio. 

With  settling  chonbers  of  normal  length, the  natural  decay  of  turbulenoe 
originating  from  the  second  diffuser  is  slow  and  the'  turbulenoe  at  the  end 
of  Uie  settling  chamber  would  not  have  decayed  to  much  less  them  half  of  its 
initial  value.  Oonsequaitly  the  main  reduction  of  ttxrbulenoe  has  to  bo 
achieved  b^  screens  or  honcyooinb  and  a suffioiently  large  oontzuotlon  ratio. 
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An  investigation  of  the  size  of  the  bulge  and  number  of  screens  neces- 
sary to  achieve  a desired  level  of  turbulence  in  the  working  section 
follows.  We  neglect  the  natural  decay  of  turbulence  from  the  beginning  of 
the  rapid  expansion  to  the  beginning  of  the  working  section,  and  assume 
that  a rapid  expansion  and  a contraction  have  opposite  effects  on  turbu- 
lence intensities.  Then  the  overall  effect  of  rapid  expansion  and  con- 
traction will  only  depend  on  the  ratio  of  area  at  the  beginning  of  the 
rapid  expansion  and  of  the  working  section,  which  is  8,5  I 1 for  this  tunnel. 

It  is  assumed  that  a turbulence  level  of  0,025j  to  0,0Jj  is  desired  in  the 
working  section  and  that  the  turbulence  level  at  the  beginning  of  the  rapid 
expansion  is  of  the  moan  speed,  3 screens  are  installed  in  the  rapid 
expansion  in  the  same  places  as  in  this  tunnel,  where  the  increase  in  area 
of  cross-section  is  0,086,  0.358  and  0,664  times  that  of  the  total  increase 
of  the  area  between  the  beginning  of  the  expansion  and  the  bulge.  The 
number  of  screens  and  their  resistance  coefficient  is  arbitrary,  provided 
that  the  same  total  reduction  in  turbulence  results,  A reason  for  choosing 
screen  resistance  coefficients  betv/een  1 and  2 is  given  later.  The  results 
of  this  calculation  are  given  in  Table  VII,  where  the  contribution  to  the 
tunnel  power  factor*  is  given  for  various  contraction  ratios.  Contraction 
ratio  means  here  the  area  ratio  of  bulge  to  working  section,  A contraction 
ratio  of  8,5  t 1 means  that  the  bulge  is  omitted. 

Sc  far  as  the  longitudinal  component  of  turbulence  is  concerned,  a 
rather  modest  contraction  ratio  would  be  sufficient,  and  the  bulge  could 
be  omitted  without  undue  increase  in  tunnel  por/er  factor. 

However  it  is  different  vdth  the  lateral  components}  here  more  screens 
are  necessaiy,  since  a contraction  is  rather  inefficient  in  reducing  later  J.  , 
components  of  turbulence.  In  order  to  keep  the  losses  due  to  the  screens 
sufficiently  small,  the  size  of  the  bulge  has  to  be  increased.  At  the 
design  stage  of  this  tunnel,  the  law  for  the  reduction  of  turbulence  by 
screens  was  not  knovoi;  the  tunnel  was  designed  therefore  for  a power  factor 
of  about  0,3  with  12  screens  in  the  rapid  expansion  and  bulge;  it  was 
intended  to  find  the  necessary  number  of  screens  by  experiment.  But  with 
sufficient  data  about  reduction  of  turbulence  by  screens  now  available,  a 
contraction  ratio  of  14  ! 1 seems  to  be  sufficient,  since  the  contributlcn 
of  screens  to  the  power  factor  is  in  this  case  0,098  (see  Table  VH)  and 
thereby  the  total  power  factor  v/ould  not  be  increased  materially  above 
0,30**  (see  ref.1).  Whether  still  smaller  contraction  ratios  are  practi- 
cable depends  on  the  balance  betvreen  capital  costs  and  running  costs. 

It  is  also  worth  considering  the  installation  of  a honeycomb  for 
redv’cing  lateral  components.  The  efficiency  of  a hon^oemb  of  blockage 
ratio  0,721  (=  ratio  of  ikee  passage  area  to  total  area)  yr&s  investigated 
by  Schults-Grunov/  and  Wieghardt^^.  In  these  experiments  a honeycomb  was 
placed  at  an  oblique  angle  to  a stream  of  parallel  flow  and  the  resulting 
deflection  was  measured  as  v^ell  as  the  losses  due  to  the  honeycomb.  Those 
data  on  mean  flow  can  be  applied  to  the  reduction  of  the  lateral  component 
of  tuibulenoe,  if  the  cell  size  of  the  honeycomb  is  small  compared  with  the 
average  eddy  size  of  the  oncoming  turbulence.  In  ref .14  it  was  found  that 
a ratio  of  cell  size  d to  depth  t,  of  the  honeycomb, of  about  1»4  to  1i5, 


• The  contribution  to  the  power  factor  by  one  screen  is  k 

\Uo 

the  screen  resistance,  U the  mean  speed  at  the  screen  and  Uq  the  speed  in 
the  working  seotion.  The  speed  at  the  screen  is  assumed  to  be  constant  over 
the  whole  screen, 

**  With  12  screens  in  the  bulge  and  a oontivurtion  ratio  of  30,5  « 1 the  con- 
tribution to  the  power  factor  was  0*065  and  the  total  power  factor  was  0,3 
as  alreac^jr  mentioned. 


•J 


if  k is 
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ranoves  the  lateral  oomponent  of  the  onooming  tiutulenoe  and  that  the  loss 
ooeffioiait  was  given  by 


k = 0.01^5  I + 0.31 

and  was  almost  independent  of  RejTiolds*  number  for  Reynolds'  numbers  of 
more  than  5000  (H  = ^ , u = speed  of  onccaning  edrstream) . This  is 

derived  from  measurements  v.-ith  a blockage  factor  0,721.  The  resistance 

coefficient  of  the  hon^comb  for  i = 4 is 

d 

k n 0.5 


which  compares  favourably  with  the  overall  resistance  coefficient  of  the 
screens  necessary  to  reduce  the  lateral  components  of  turbulence  to  the 
desired  level  (see  Table  VII).  But  it  must  be  ensured  that  the  turbulence 
shed  from  the  honeycomb  is  sufficiently  reduced  by  natural  decay  not  to 
increase  the  turbulence  in  the  worldLng  section.  With  screens  this  is  no 
problem,  since  their  mesh  size  is  so  small  that  the  turbulence  decays 
rapidly  enough.  But  -.Tith  the  larger  cell  size  of  a honuyccmb,  an  estimate 
has  to  be  made  of  the  permissible  size  of  the  cells. 

As  a rou^  estimate,  we  assume  the  decay  law  of  turbulence  behind 
grids  to  be  applicable  to  a hon^ccmb.  We  assume  that  an  intensity  of 
longitudinal  component  of  turbulence  of  0,1J"  is  desired  just  before  the 
contraction.  It  can  be  found  from  the  measurements  of  Townsendl^  on  the 
decay  of  turbulence  behind  grids, that  this  level  of  0,1^  is  reached  at 

J - 1200, 

where  x is  the  distance  frc»n  the  screen  and  M,  the  cell  slze^nmy  be 
identified  with  d for  the  honeycomb.  Since  a settling  length  of  20  ft 
is  available  in  this  tunnel,  the  cell  size  of  the  hon^oomb  should  be 
0,2  ins.  This  size  is  also  small  compared  with  the  scale  of  the  lateral 
component  at  the  end  of  the  second  diffuser,  which  was  about  2.JV  ins.  By 
using  a honeyoranb,  the  some  low  level  of  turbulence  as  exists  in  this 
tunnel  could  be  achieved  without  the  bulge.  It  would  be  necessary  however 
to  install  some  screens  for  reducing  the  longitudinal  component  of  turbu- 
lence (see  Table  VII);  for  instance,  3 screens  of  resistance  coefficient 
k = 1 . This  combination  of  honeycomb  plus  3 screens  would  only  contribute 
about  0,05  to  the  power  factor  of  the  tunnel  (3  screens  each  of  k = 1 and 
the  honoyoomb  k = 0,5),  However  whether  this  is  practioable  or  not  depends 
on  the  cost  of  a honeycomb  of  rather  small  cell  size  compared  with  the 
saving  made  by  replacing  a rapid  expansion  and  a bulge  by  a settling 
chamber  of  constant  cross-section. 

Another  important  problem  relates  to  the  disturbances  set  up  by  screens 
and  honeycombs.  All  efforts  to  reduce  the  turbulence  caning  fran  iqpstrean 
are  in  vain,  if  new  disturbances  are  sot  up  by  the  devices  which  are 
supposed  to  reduce  turbulence.  We  moan  by  these  disturbances,  not  the 
noimal  turbulence  shed  by  screens  or  honeyoonbs , which  either  decays  suffi- 
ciently quioKly  or  otherwise  has  been  token  into  account,  but  iiie  disttu>> 
banoes  set  up  by  an  inhomogenoity  of  screens,  which  were  discussed  in 
section  6,2,  This  type  of  disturbance  has  a slow  rate  of  deoey;  in  fact 
it  did  not  seem  to  decoy  noticeably  in  this  tunnel.  The  only  way  of 
reducing  these  disturbanoes  would  be  through  a contraction,  but  this  is  not 
very  efficient  in  reducing  the  intensity  of  lateral  component  and  would  not 
amount  to  much  for  a reasonable  contraction  ratio,  Honoe  the  importance  of 
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using  soroens  as  honogeneoua  as  possible,  Drydon^^  reported  large  varia- 
tions in  intensity  of  turbulonoe  in  the  twjrklng  section,  which  were  reduced 
oonsiderably  by  replacing  the  last  screen  by  one  with  a smaller  resistance 
coefficient  k.  Investigating  the  efficiency  of  screens  in  damping  tur- 
bulence, Schubauer^  classified  the  screens  he  used  into  normal  and 
abnormal.  The  latter  type  introduced  additional  distuibanoes  in  the  air 
flow.  In  Sohubauer's  list  of  screens,  the  denser  screens  show  more  tendency 
to  abnormal  behaviour  than  the  less  dense  ones  and  the  limit  seems  to  be 
roughly  at  k = 2.  It  therefore  seems  advisable  to  use  screens  with  k 
between  1 and  2.  It  was  found  in  section  6,2  that  the  disturbances  shed 
by  the  last  screen  depended  also  on  the  intensity  of  disturbances  approach- 
ing the  Itist  screen.  Hence  it  will  be  advisable  to  put  in  one  or  tvwj  extra 
screens  in  addition  to  the  number  that  is  necessary  for  reducing  the  tur- 
bulence coming  from  upstream. 

The  screens  in  this  tunnel  v/ero  made  in  one  piece;  but  serious  dis- 
turbances could  be  expected,  if  there  are  seams  in  the  screens.  It  would 
appear  that  a hcncycomb  could  be  made  more  homogeneous  than  a screen, 
althcu^  the  cost  of  construction  nay  then  bo  rather  high.  However  more 
resoaroh  is  needed  about  this  type  of  disturbance,  before  the  relative 
merits  of  soroens  or  hontyoomb  for  reducing  lateral  component  of  turbulence 
can  bo  assessed. 

9 Supnar:/^  of  turbulence  measurements  in  the  tunnel 

Tlio  following  is  a summary  not  only  of  this  report,  but  aJ.so  of  ref. 3. 

(1)  Tho  intensity  of  turbulence  at  the  end  of  the  second  diffuser  is  about 
10  to  of  tho  moan  speed  and  is  almost  constant  over  the  cross- 
section.  It  differs  from  tho  intensi^  in  a pipe  of  constant  cross- 
section,  nduch  increases  from  about  kh  on  tiie  centre  line  to  about  ^ 
near  tho  wall,  Tho  scale*  of  the  longitudinal  component  is  about  3.V, 
4,2  and  5.5  ins  for  spends  of  7,1,  H-,1  and  18,8  to  25,9  ft/seo 
respectively.  The  corresponding  speeds  in  the  working  section  are 
60,  100  and  160  to  220  ft/seo.  The  scale  of  lateral  component  is 

2,4  ins  for  all  speeds,  Tho  cross-section  at  the  end  of  the  diffoser 
was  octagonal  with  a diameter  of  132,3  ins  for  the  equivalent  circular 
cross-soction.  The  turbulence  is  almost  entirely  otanposed  of  fre- 
quencies below  30  o,p.s,  for  all  three  oompononts, 

(2)  The  contribution  foom  tho  turning  vanes  following  tho  diffuser  does 
not  materially  increase  the  level  of  turbulence  from  the  end  of  the 
seooTtd  diffuser. 

(3)  Before  the  rapid  expansion,  the  level  of  turbulence  is  about  4 to 
for  all  three  components. 

(4)  With  two  screens  in  tho  bulge,  the  intensity  of  tuibulenoe  for  all 
throe  ooi^nonts  in  the  bulge  is  about  0,025^  at  a speed  of  1,92  ft/seo 
(60  fi/seo/**  and  rises  rapidly  to  about  0,3^  at  4,8  ft/sec  (I50  ft/soc)t* 
For  hi^er  speeds  the  Intensities  fluctuate,  but  do  not  increase 
materially.  The  shape  of  tho  correlation  curve  for  tire  longitudinal 
oemponent  is  quito  different  from  that  at  the  end  of  Ihe  second  diffu- 
ser, It  even  reaches  negative  values.  The  scale  is  of  the  order  of 
0,2  ins.  Thoro  is  also  a oonsideroble  correlation  between  longitudinal 
and  lateral  components  near  the  oontre  lino,  whioh  was  not  observed  at 
tho  end  of  Iho  sooond  diffoser. 


* The  aoale  of  turbulonoe  oon  bo  roughly  Interpreted  as  on  average  eddty 
sise,  Joi  aoourato  definition  of  the  term  is  given  in  seotions  2.24  and  3,3. 

**.  Speeds  in  brackets  refer  to  the  woxidng  sootion. 
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(5)  Intensities  of  tiarbulenoe  were  measured  in  the  worldly  section  with: 

(a)  2 soreens  in  the  bul^e, 

(b)  3 screens  in  the  bul^e, 

(o)  9 screens  in  the  bul^e. 

The  longitudinal  oomponent  was  roughly  the  same  Ibr  «n  three  cases , 
ranging  from  O.OOgjS  to  about  0,0^  for  speeds  of  60  ft/sec  to  260  f^seo 
At  a oertain  speed  there  v/as  a characteristic  peak  nihioh  changed  in 
intensity  over  long  periods.  The  intensity  of  the  lateral  oomponent 
WM  approociraately  the  same  in  cases  (b)  and  (c)  and  amounted  to  0,005^ 
at  60  ft/sec  and  rose  to  about  0,0^b  at  a speed  of  I60  ft/sec  and  then 
remained  constant;  but  the  intensity  of  the  lateral  ocmponent  was 
appreciably  higher  in  case  (a)  -with  an  intensity  of  0,01^  at  60  ft/sec 
rising  to  between  0,05  and  O,O0>  at  I60  ft/sec  and  then  remaining 
approximately  constant. 

(6)  Noise  measurements  7/ore  made  in  the  working  section  with  all  9 screens 
in  the  bulge.  There  v/as  good  agreement  with  the  lorgitudlnal  oom- 
ponent of  turbulence  above  a speed  of  I60  ft/seo.  Below  that  speed 
the  noise  caqpressed  in  terms  of  the  particle  velocity  was  less  than 
the  meastired  tvirtoulence. 

(7)  The  characteristic  peak  in  the  curve  of  intensity  of  turbulence  vs, 
speed  is  due  to  fltietuations  of  transition  point  of  the  boundary  layer 
on  the  tunnel  wall;  this  was  proved  by  fixing  a transition  -wire  at 
the  beginning  of  the  working  section.  With  this  arrangement  the  inten- 
sities below  160  ft/sec  wore  considerably  reduced  and  the  peak  in 
intensity  was  eliminated, 

(8)  The  correlation  of  longitudinal  component  was  high  across  a consider- 
able part  of  tile  working  section,  confirming  tiiat  the  longitudinal 
cdoponent  cf  turbulence  is  either  due  to  flixstuations  of  transition 
point  or  noise.  The  correlation  of  lateral  component  is  entirely 
different.  With  two  screens  in  the  bulge,  it  drops  rather  quickly  with 
a wave  form  superimposed  on  a continuously  falling  curve. 

(9)  Efficient  means  of  reducing  noise  are  vent  holes  in  the  tunnel  circuit. 
The  noise  in  ttio  v/orklng  section  increased  by  50~i0C^  when  the  holes 
at  the  end  of  the  vrorldng  section  were  closed. 

(10)  With  all  nine  screens  in  the  bulge,  an  extensive  region  of  high  interi- 
sity  turbulence  was  observed  near  the  walls  of  the  vrorldng  section. 
Reduction  of  the  number  of  screens  in  the  bulge  to  2 or  3 eliminated 
this  region.  A possible  explanation  of  the  origin  of  this  region  of 
turbulence  was  given  in  section  7. 

(11)  There  is  reason  to  believe  that  the  return  flow  on  the  walls  of  tho 
bulge  is  oonneoted  with  the  extended  region  of  high  Intensity  turbu- 
lence in  the  working  section.  The  return  flow  is  present  with  9 
screens  in  the  bulge,  but  absent  with  two  or  three  soreens  in  the 
bulge.  It  seems  that  too  many  screens  close  together  and  close  to  a 
rather  sudden  contraction  may  create  a return  flow  in  the  bulge. 

10  Stinmary  of  instrumentation 

(1)  The  oonventlpnal  type  of  wire  holder,  with  the  hot  wire  soldered  to 
the  tips  of  two  slender  needles,  oamot  be  used  for  low  levels  of 
turbulenoe  and  for  wlndspeeds'  of  more  than  about  60  ft/sec,  beoause 


P 
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of  vibrations  of  the  needles.  Instead  two  prongs  have  been  glued 
together  by  a thin  plooo  of  insulating  material,  so  that  free  tips  of 
not  more  than  0.1  ins  remained.  T^us  by  suitable  design,  no  part  of 
the  wire  holder  had  a resonanoo  fre(|uanoy  within  the  frequonoy  band 
transmitted  by  the  amplifier,  vAiioh  waa  from  2 to  10,000  o.p.s.  By 
calculation, the  interference  of  the  new  vd.re  holder  with  the  flow 
around  the  hot  wire  was  fbund  to  be  not  more  than  1 to  ^ in  speed. 

As  support  for  the  wire  holder,  a rigid  strut,  about  the  size  of  a 
model  wing,  had  to  be  used  in  order  to  avoid  vibrations  of  the  strut. 
Rigidity  of  sxipport  is  far  more  important  with  lateral  than  with 
longitudinal  oomponents  of  tuibulenco, 

(2)  For  low  levels  of  turbulence  (below  O.I^j)  and  vdndspeeds  up  to 
300  ft/sec  the  liot  vfire  used  had  to  be  short  enough  to  take  the 
wind-foroes  by  its  ovm  stiffness  like  a beam.  The  length  of  hot 
wires  of  0,0002  in.  dianeter  was  0,025  to  0,03  ins. for  longitudinal 
component  ■wires  and  0,03  to  0,02».  ins  for  lateral  component  wires 

('V’  wires).  Longer  hot  -wires  gave  rise  to  spurious  results,  probably 
beoause  of  movements  of  the  v.-lre  relative  to  the  airflow, 

(3)  With  short  -.vires  and  low  levels  of  turbulence,  the  voltages  across 
the  hot  wire  arc  so  small  that  a transformer  of  ratio  1 : 25  was  used 
at  the  input  of  the  amplifier  in  order  to  increase  the  inoomlng  signal 
sufficiently  above  the  dis-turbance  level  of  the  amplifier.  The  fre- 
quency range  cf  the  transformer  was  about  2 c.p.s,  to  5000  o.p.s, 

(4)  A hot  ■wire  micrephone  of  special  design  was  used  for  the  measurement 
of  noise.  This  mioroihone  was  made  in  the  fbrm  of  a static  tube 
sufficiently  small  for  the  boundary  layer  at  the  pressure  holes  to 
be  laminar.  This  instmnent  could  be  used  in  the  middle  of  the 
tunnel,  vdiereas  a conventional  microphone  mounted  in  the  wall  of  the 
■working  section  recorded  pressure  fluctuations  vd.thin  the  turbulent 
boundary  layer  on  the  tunnel  wall  sis  well  as  noise  inside  the  tunnel. 
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APPENDIX  I 


Estimate  of  the  error  due  to  the  ifflpaot 
of  dust  on  hot-wires 


For  this  estimate  the  following  argunent  is  used:  the  longitudinal 

oomponent  of  tuitulenoe  is  assuned  to  oonsist  of  two  independent  oanponents 
«A  and  Ug,  of  which  the  former  has  the  correlation  1 and  the  latter  the 
correlation  0.  vAien  tvro  vd.res  are  a certain  distance  y apart.  u^(0) , 
ug(0)  and  U;^(y) , ugCy)  are  the  instantaneous  values  of  the  two  com- 
ponents on  the  first  and  the  second  td.re  respectively.  The  r.ra.s,  inten- 
sities are  denoted  by  dashes  and  they  are  the  same  for  each  of  the  two 
wiares.  The  oorrelation  function  is  then 


K(y) 


^1(o)  U2(y)  _ (ua(o)  > i^(o))(uA(y)  * %(y)) 


Consequently  the  ratio  of  the  conponont  with  correlation  0 to  the  total 
intensity  is 


f 


'1  - K(y)  . 


Since  u = u 


i2  «2 

+ Ug  , The  error  duo  to  the  impact  of  dust  can  be  found 

by  substituting  into  the  above  formula  values  of  K{y) , vMch  are 
obtained  by  extrapolating  the  oorrelation  curves  to  y = 0,  So  the  errors 
duo  to  dust  of  1CWC?-  as  given  in  section  2,23  v^ero  derived  from  Tig.16. 
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AEPENDIX  II 


Measiiromont  of  the  correlation  of  the  lateral  oonroonenta 


•Two  inclined  wires  are  used.  One  wire  is  fixed  and  the  other  wire  is 
used  in  tw  positions,  one  ^vhcre  both  wires  are  parallel  and  the  other 
whore  the  second  ^.Ire  has  boon  rotated  through  160°  about  an  axis  throng  the 
centre  of  the  v.iro  and  parallel  to  the  mean  wind  speed.  The  voltage  on 
the  first  wire  is  given  by 


Uj  Vj 

e.  = A.  J.  (5) 

^ ^ U U 

where  A<  and  are  coefficients,  u^  and  v.)  are  the  velocity 

fluctuations  dn  the  direetion  of  the  moan  speed  and  normal  to  it  in  the 
plane  of  the  hot  vdre  and  the  moan  speed.  If  the  second  wii^  is  parallel 
to  the  first,  Ihe  corresponding  voltage  is 


2p  ..  .jj  ^ Tj 


(10) 


If  now  the  second  vd.ro  is  rotated  through  160°,  the  voltage  in  the  new 
position  is 


^20  = 


By  using  suitable  circuits  mean  square  values  of  the  sum  or  difference  of 
these  voltages  can  be  noasurod,  gi'ving 


Sp  = (0^  -f  eop)  2 A|  A2  + 2 B2 


^1  ^2 
U2 


= (ei  ^ 2 Ai  A2  - 2 Bi  B2 


Dp  = («1  - 02pf  = 2 A^  Ag  ^ - 2 Bg  ^ 


^1  ^ 

t2 


Do  = (e^  - a 2 A^ 


Ui  Up  vj  v« 

A2^+2B^ 

TT^  * ^ TT^ 


“Where 


and  provided  that  no  tuibulent  shear  stresses  are  present,  i.e. 

uT^  = Ug  vg  = 0 

and  consequently  also 
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Then  the  following  exproselcns  for  the  correlation  of  lateral  or  longitu- 
dinal oomponents  can  be  obtained: 


“ ^o  “ ^ ®2 


Vj  V2 

U2 


Vo 

D,  -Dp  = 4 32-1;^ 


Sp  - = 4 A,  Ag 


^2 

U2 


Dp  - 4 A2 


^2 

U2 


(11) 


If  all  the  quantities  Sp,  Dp,  D^^  are  measured,  then  two  independent 
combinations  exist  for  determining  each  of  the  correlations  U2  and 
v-i  V2  . This  is  useful  for  estimating  the  experimental  errors  involved, 

A checlc  on  the  absence  of  a tufbulcait  shear  stress  can  be  made  in  the  ustial 
way  by  measuring  the  mean  square  values  of  e2p  and  62^  '•'ith  one  wire 
only. 
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APimiix  III 


stability  oritorlon  for  a general  flow  with  vortloitr 


The  stability  criterion  for  Hio  partioular  case  of  a flow  along 
circular  streamlinos  is  usually  expressed  in  terms  of  circulation*  and 
says  that  a motion  is  stable,  if  the  square  cf  circulation  increases 
outwards  j or 

d(r^) 

> 0 stable  flow 

dr 


— — < 0 unstable  flow 
dr 

T/hore  r 3 2icrv  , where  v is  the  velocity  and  r the  radius. 

Since 

1 dr 

— 3 Y 

I'Kr  dr 

where  Y is  the  vorticity,  we  can  express  the  sttbility  criterion  in  a 
slightly  different  form: 

ry  > 0 stable  flow 

ry  < 0 unstable  flow. 


The  stability  depends  therefore  on  whether  T and  Y have  the  same 
or  opposite  diroction  of  rotation.  For  a general  flow  the  sign  of  T is 
to  be  replaced  by  the  sign  of  rotation  of  the  radius  vector  from  the  centre 
of  curvature  of  the  streamline  to  the  fluid  particle.  Then  a siaq;)le  rule 
for  the  stability  con  be  derived:  the  flow  along  a ourved  streemline  is 

dynamically  stable  at  aiy^  point  where  the  vorticity  of  a fluid  particle 
has  the  same  direction  of  rotation  as  the  radius  vector  from  the  centre 
of  curvature  of  the  streamline  to  the  fluid  particle. 


* See  fbr  instanoe:  N.  A.  V*  Fieroyt  Aerodynamics.  2nd  ed.  pp*3^. 
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TABIJ!  Vn 

Iiifluenoe  of  Contraption  Ratio  of  Bulge  on  ContrUmtion  of 
"Soreetie  to  Tunnel  Power  Faotor  for  a Glvm  TuiWlanoe 
Intenaltv  In  Woridug  Section 

Turbulence  Intensity  at  Beginning  of  Rapid  Expansion  of  Kean  Speed. 

LONGITUDINAL  CaCPCNENT 

Overall  Reduotlon  Due  to  Expansion  and  Contraction  6.5^  i 1 
3 Screens  of  Resistance  Coeffioient  k a i 
Turlmlenae  Intensity  in  Working  Section  0,02^ 


Contraction 

Contribution  to 

Ratio  of  Bulge 

Tunnel  Power  Factor 

CM 

0,018 

14  ti 

0.025 

10  :1 

0.037 

8.5  :1 

0.042 

LATERAL  GCMPONSNT 

Overall  Reduction  Due  to  Expansion  and  Contraction  \/8,5  I 1 


7 Screens  of  Resistance  Coeffioient  k = 2 
Tuibtilenoe  Intensity  in  Working  Section  0,03^5 


Contraction 

Contzibution  to 

Ratio  of  Bulge 

Tunnel  Power  Factor 

25  :1 

0.042 

14  :1 

0.098 

. 10. :1  . 

0.15 

aa 

• 

CO 

0.22 
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FIG.  6.  INTENSITY  OF  LONGITUDINAL 
CX>MPOr4ENT  OF  TURBULENCE  IN 
WORKING  SECTION 
2 SCREENS  IN  BULGE. 
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FIG.  7 STATE  OF  bOUNDARY  LAYER  ON 
FLOOR  OF  WORKING  SECTION  OF  TUNNEL 
2 SCREENS  IN  BULGE. 
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FIG.9  FREQUENCY  SP^TTRA  OF  ALL  THREE 

COMPONENTS  M WORKMG  SECTION  WITH  TWO 
SCREENSM  THE  BULGE. SPEED  60F.RS. 

FAN  FUNCAMEN1M.  FICQUENCY  13-2  CR& 
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SCREENS  Pi  THE  BULGE . SPEED  100  F.RS. 

FAN  FUND/>«MEN1AL  FREQUENCY  E-7  C.RS. 
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LONGITUDINAL  COMPONENT 


HORIZONTAL  COMPONENT 


VERTICAL  COMPONENT 

FIG.II.  FREQUENCY  SPECTRA  OF  ALL  THREE 

COMPONENTS  IN  WORKING  SECTION  WITH  TWO 
SCREENS  IN  THE  BULGE.  SPEED  160  F.PS. 
FAN  FUNDAMENTAL  FREQUENCY  35  C PS. 
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FIG.I2.  FREQUENCY  SPECTRA  OF  ALL  THREE 
COMPONENTS  IN  WORKING  SECTION  WITH  TWO 
SCREENS  IN  THE  BULGE.  SPEED  200  F.RS. 
FAN  FUNDAMENTAL  FREQUENCY  43  -7  C.RS. 
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FIG.I7&I8. 


HORIZONTAC  DISTANCE  BETWEEN  TWO  WIRES  INS. 

FIG.I7.  CORRELATION  OF  VERTICAL 
COMPONENT  IN  WORKING  SECTION. 
TWO  SCREENS  IN  BULGE. 
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FIG.ia  INFLUENCE  “ VENT  HOLES  ON 

longitudinal  component  of  turbulence 

IN  WORKING  SECTION . 
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FIG.I9ft20. 
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FIG.I9.  INFLUENCE  OF  NUMBER  OF  SCREENS 
IN  BULGE  ON  LONGITUDINAL  COMPONENT 
OF  TURBULENCE  IN  WORKING  SECTION. 


U P.P.8. 


FIG.20.  INFLUENCE  OF  NUMBER  OF  SCREENS 
IN  BULGE  ON  VERTICAL  COMPONENT  OF 
TURBULENCE  IN  WORKING  SECTION. 
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FIG.2I.  INFLUENCE  OF  NUMBER  OF  SCREENS 
IN  BULGE  ON  HORIZONTAL  COMPONENT 
OF  TURBULENCE  IN  WORKING  SECTION. 
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FIG.  22. 
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FIGi22.  VERTICAL  TRAVERSE  OF  LONGITUDINAL  COMPONEl 
TURBULENCE  IN  WORKING  SECTION.  THREE  SCREENS  IN 


FIG.2S.  INTENSITIES  OF  THE  THREE 
COMPONENTS  OF  TURBULENCE  ON 
CENTRE  LINE  AT  THE  END  OF  THE 
SECOND  DIFFUSER. 
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FIG. 26.  FREQUENCY  SPECTRA  OF  ALL  THREE 
COMPONENTS  AT  THE  END  OF  THE 
SECOND  DIFFUSER.  SPEED  IN  THE 
WORKING  SECTION  60  F.RS. 
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FIG27  FREQUENCY  SPECTRA  OF  ALL  THREE 
COMPONENTS  AT  THE  END  OF  THE 
SECOND  DIFFUSER.  SPEED  N THE 
WORKING  SECTION  lOOF.P.S. 
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LONGITUDINAL  COMPONENT 


FIG.28.  FREOUENCY  SPECTRA  OF  Aa  THREE 
COMPONENTS  AT  THE  END  OF  THE 
SECOND  DIFFUSER.  SPEED  IN  THE 
WORKING  SECTION  160  F.P.S. 
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FIG.  29 
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FREQUENCY 

VERTICAL  COMPONENT 

FIG.29  FREQUENCY  SPECTRA  OF  ALL  THREE 

COMPONENTS  AT  THE  END  OF  THE  SECOND 
DIFFUSER.  SPEED  IN  THE  WORKING 
SECTION  220  F.P.S. 
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FIG.  30  & 31 


. FIG.  30  CORRELATION  OF  lONGITUDINAL  COMPONENT 
AT  END  OF  SECOND  DIFFUSER . 


OSTANCC  PIIOM  CINTftI  IME  INS. 


FIG.3I  CORRELATION  OF  UTERAL  COMPONENT  AT 
END  OF  SECOND  DIFFUSER. 
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FIG.32 


END  OP  SECOND  DIFFUSER 


F1G.32  POSITION  OF  MEASUREMENTS  BETWEEN 
END  OF  SECOND  DIFFUSER  AND  RAPID 

EXPANSION 
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FIG.33 


KPOKT  UKO  1494 
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FIG.36  CORRELATION  OF  LONGITUDINAL  COMPONENT 
OF  TURBULENCE  ALONG  A HORIZONTAL  LINE  IN 
THE  BULGE,  37  INS.  BEHIND  THE  LAST  SCREEN 
AND  17^  MS.  BELOW  CENTRE  LINE. 

TWO  SCREENS  IN  BULGE. 


FIG37  CORRELATION  OF  LONGITUDMAL  COMPONENT  OF 
TURBULENCE  ALONG  A VERTICAL  LINE  IN  THE 
BULGE  37  MS.  BEHMD  LAST  SCREEN. 

TWO  SCREENS  IN  THE  BULGE. 
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FIG.  38.  CORRELATION  OF  LONGITUDINAL 
AND  LATERAL  COMPONENT  OF 
TURBULENCE  IN  BULGE.  37  INS.  BEHIND 
LAST  SCREEN  TWO  SCREENS  IN  BULGE 
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FIG  39.  EXTENT  OF  RETURN  FLOW 

IN  BULGE. 
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FIG.  40.  MEAN  SPEED  DISTRIBUTION  IN 
BULGE  30  INS.  BEHIND  LAST  SCREEN. 
9 SCREENS  IN  BULGE. 
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FIG.  4 2. 


FIG.  42.  MEAN  SPEED  DISTRIBUTION  IN 
BULGE  7 INS.  BEHIND  LAST  SCREEN. 
2 SCREENS  IN  BULGE. 
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FIG.  4a 


FIG.  43.  DISTRIBUTION  OF  TOTAL  HEAD 
ACROSS  LOWER  PART  OF  BULGE  WITH 
9 SCREENS  IN  BULGE. 
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FIG.45&46. 
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FIG.  45.  TURBULENCE  LEVEL  IN  BULGE 
30  INS.  BEHIND  LAST  SCREEN 
9 SCREENS  IN  THE  BULGE. 


FIG.  46  DISTRIBUTION  OF  MEAN  SPEED 
NEAR  THE  WALLS  OF  THE  BULGE. 

30  INS.  BEHIND  LAST  SCREEN. 

9 SCREENS  IN  THE  BULGE. 
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FIG.47 


FIG.  47  SCHEMATIC  DIAGRAM  FOR  DISCUSSION 
OF  STABILITY  OF  FLOW  IN  BULGE 
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